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I. INTKODUCMION

This first semi-annual progress report contains a summary of the prob-

' lem that is being addressed in this project, a summary of the work that is

now in progress, a list of personnel who are participating in this project,

and a sunary of project-related activities.

The goal of this project is to formulate and investigate new approaches

for forming images of radar/sonar targets from spotlight-mode, delay-

doppler measurements. Initially, we are studying a particular processing

motivated by an approach used in radionuclide imaging. Our longer tern
*1I,

I., goal is to develop new processing based upon a realistic model for the data

acquired with a radar-imaging system.

6 Inverse synthetic-aperture imaging (ISAR) in radar and sonar relies

* upon the relative notion between the transmitter, target, and receiver. In

* the usual approach, the target is illuminated by a series of transmitted

+ i pulses. The return for each pulse is a superposition of reflections from

various locations on the target, with each location affecting the pulse by

* + introducing both a delay and doppler shift. The returns are processed to

*J p produce an image of the target. -'_

The common approach is to use the same transmitted-pulse for each

" - illumination of the target. Bernfeld [] appears to be the first to intro-
J

duce the idea for radar imaging of modifying the pulse shape on successive

• * illuminations. We are using this idea of Bernfeld's. He also suggested an

approach for processing the reflected return pulses so as to produce images

of the target; his approach is based on an analogy he observed to the

* 9i equations governing the data acquired in the x-ray tomographs currently

being used for forming radiological images in medicine.

One deficiency in Bernfeld's novel approach is that, for the analogy to
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.4. . ...



x-ray tomography to be accurate, the ambiguity function of the transmitted

:% pulses must be highly concentrated along lines in the delay-doppler coordi-

nates and, moreover, must havz a constant amplitude along such lines.

S Thus, practical radar/sonar pulse having ambiguity functions with compli-

cated sidelobe structures and a nonuniform amplitude along the principle

lobe are not accommodated very well in the concept. The purpose of the

initial phase of our study is to investigate an analogy to medical imaging

where this restriction is relaxed. This extension to Bernfeld's idea may

permit improved images to be formed for practical ambiguity functions.

. The analogy to medical imaging which we are attempting to exploit is

described fully in our paper [2], which is included herewith as Appendix 1.

To summarize, the transmitted pulse has a complex envelope E 1 2f(t), where

ttE Et is the transmitted energy, and the received pulse has a complex envelope

s(t) given by

SM s - fb(t..v/2.r)B 1 2 f~rdTl -

where b(t,r) is a zero-mean, complex-valued Gaussian process modeling a

diffuse reflection interaction at the target; b(tr) is the instantaneous

strength of the reflection at time t and two-way delay v. In our initial

* study, we are assuming that the scatter process is stationary temporally

and uncorrelated spatially (i.e., a VSSUS model in the terminology of Van

Trees [3].) The power spectrum of b(t.) at a given delay v is the tar-

get's scattering function a(vf). For two distinct delays, say v1 and v

the processes b(t, 1 ) and b(t,c 2 ) are uncorrelated. For our initial study,

S' the received pulse is first processed by a collection of bandpass matched

- filters and square-law envelope detectors, as shown in [2, Figure 1, see

Appendix 1]; each bandpass matched filter is matched to a doppler-shifted

t,
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version of the transmitted pulse. This is a different form of front-end

processing from the usual ISAR processing where two-dimensional Fourier

transforms are used. Our motivations for the use of the BPMF-SLED are: 1,

the BPMI has known qualities for suppressing the effects of additive noise;

and 2, the BPMF-SLD receiver arises in a fundamental way for estimating

delay and doppler (3]. Without additive noise, the -apected value of the

result of this BPNF-SLED preprocessing is a function p(v,f) of delay v and

- doppler f given by

. PlY,f) = E t  c(-c1,f')a(v-v€',f-f'ldv'df1,

where a(?,f) is the ambiguity function of the transmitted pulse, which is

the squared magnitude of the complex delay-doppler correlation function [3,

* eqn (10.18)]. We call p(v,f) the 'delay-doppler power function;' it is the

two-dimensional convolution of the ambiguity function of the transmitted

pulse and the scattering function of the target.

Recognizing the effect on the ambiguity function of varying the linear

FU sweep (chirp) rate of the signal is important for our work. The effect

is to shear or tilt the ambiguity function in the delay-doppler plane (3.

- p. 2901. We denote this tilt by the parameter 0, which depends on the

*.- chirp rate. While it is not necessary to do so. we are assuming in our

initial studies that the pulse shape is changed along with the the chirp

rate in such a way that the only variation of the ambiguity function is to

rotate it to an angle 0 in the delay-doppler plane; our motivation for this

. is to maintain a close analogy to radionuclide imaging. In order to

include this chirp-rate modulation in our notation, we shall replace f(t),

p(f), s(t), and a(c,f) by f lt), p9 (v,f), s,(t), and ao(,f) respective-

- page 3
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We may now state the delay-doppler radar imaging problem that we are

studying as follows. Estimate the target's scattering function from data

acquired from a series of target illuminations for chirp rates resulting in

N tilt angles 01, 02 ... 0N of the ambiguity function of the transmitted

pulse. For our initial study in which the received signal is preprocessed

by a collection of BP/F-SLEDIs, the estimate is to be formed by using an

appropriate algorithm on the N delay-doppler power functions

Po(i,f) = Etf fa('.f')a '(v-c',f-f')dv'df',

(for 0 - 01, 020 ..... 0 N  appearing as the output of the BPF-SLiD' s.

Our approach is based upon the use of an algorithm, called the confi-

dence-weighted (CV) algorithm, that is used in radionuclide imaging where

an expression similar to that for the delay-doppler power functions pO(r,f)

* is obtained. With reference to [4], in radionuclide imaging, po(v,f)

corresponds to the intensity of detected coincidences, at the various

observation angles, a(v,f) corresponds to the intensity of annihilations,

and a(z,f) corresponds to the measurement-error density, and the goal is to

* estimate the intensity of annihilations from observations of coincidences

S. when the error density is known from calibration experiments. The steps

required with this algorithm are detailed in (2, see Appendix 1].

Our plan for studying the use of the CV algorithm for radar imaging

consists of three major steps as follows:

1. establish a capability for simulating noise-free return

signals from simple radar targets, simulating the BPMF-SLED

- page 4
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preprocessing, simulating the CW algorithm, simulating the

Nconventional ISAR algorithm, and comparing results;

2. establish a capability for simulating noisy return signals

from simple radar targets, simulating the BPMF-SLED prepro-

cessing, simulating the CW algorithm, simulating the conven-

tional ISAR algorithm, and comparing results;

3. formulate a model for the noisy return signal in an imaging

radar system and apply statistical estimation theory to do-

rive a model-based algorithm for forming the radar image, and

compare this to the results obtained with the CV and

conventional ISAR algorithms.

Our effort during the first six months has been toward accomplishing the

first of these tasks.

II. SUMMARY OF VORK ACCOMPLISHED

The goal of our efforts during the first six months of this project has

. been to establish a capability to simulate idealized delay-doppler radar

data and to process the simulated data using both conventional ISAR pro-

e. cessing and the CV processing suggested by that used in radionuclide im-

aging, as discussed in [2, see Appendix 1]. The implementation is

'idealized" in the sense that no noise or random-reflection effects are

% included.

During this period, computer simulations of radar returns from simple

targets and the processing of the returns by radar image-processing algo-

rithas have been developed, and some preliminary tests have been performed.

Two targets have been simulated, a rotating rough disk and a rotating

" page 5
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rough sphere. The scattering functions for these test objects are known

analytically and are shown in [2, Figures 2 and 5, see Appendix 1].

3 Two types of radar pulse-sequences have been included. They are

illustrated in Figure 1. For the first, a sequence of 128 linear FM

chirped pulses, each having a Gaussian envelope, is transmitted, with each

pulse having a distinct chirp rate. The duration and FM sweep rate of each

pulse were chosen so that the ambiguity functions associated with the

resulting pulses would all have the same shape in the delay-doppler plane

but would have their major axes rotated from one pulse to the next so as to

cover all angles in the range from 0 to 180 degrees uniformly. The parame-

ters for this first pulse sequence are given in Table 1.

OFor the second series of radar pulses simulated, a sequence of 128

stepped-frequency bursts is transmitted, with each burst consisting of 128

short, separated pulses; each pulse in a burst has a distinct frequency,

but all the bursts are identical. Our motivation for using the step-

ped-frequency wavoform is that it is one used at the Naval Ocean Systems

.* Center in San Diego. The parameters for this second pulse sequence are

* specified in Table 2.

Two radar signal-processing algorithms have been implemented during

this six month period. The first is based on conventional ISAR processing,

and the second is based on the processing used in radionuclide imaging.

processing based on conventional ISAR technigues. A digital simu-

*lation capability was developed for generating ISAR images. This

involved a study of current ISAR processing techniques and the selec-

,S tion of one approach for implementation. The literature (see, for

example, D. L. Mensa [51]) describes ISAR digital processing in terms

of two-diminsional discrete Fourier transformation techniques; this

- page 6
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SEQUENCE 1: GAUSSIAN ENVELOPE, LINEAR FM CHIRP, CHIRP-RATE MODULATION

3~~ f freq(t ) 2 , 4
- t goo - t *.U - t o -' t so*

PULSE #: 1 32 64 96

FWHM (us): 69.8 344 482 344

CHIRP
RATE (MHz/s): +96 +80 0 -80

~BAND

WIDTH (kHz): 26 57.8 1.8 57.8

AMBIGUITY FNC
TILT ANGLE (8): 1.40 450 90O 1350

SEQUENCE 2: STEPPED-FPEQUENCY WAVEFORM

. ,"t oe t see t too t @of

'..

BURST #: 1 3 64 96

;' CHIRP
RATE (MHz/s): 3.4 3.4 3.4 3.4

BURST PARAMETERS:

PULSE #: 1 2 3 128i I ii ii go.. ?

TI = 85 ns- -

T2 = 57 7 us-

T3 = 73 ms - -

FIGURE 1. SEQUENCES USED IN SIMULATIONS

a'g7
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TABLE 1: PALAMETERS OF SIMULATIONS USING A GAUSSIAN PULSE SEQUENCE

QJUANTITY SYMBOL VALUE

target distance R 12.5 nautical miles
*number of pulses N 128

center frequency fc 3 G~z

7 velength X. 0.1 a

sp;eed of light 
c

target rotation rate 0
down range resolution rd
cross range resolution rc
(maj axis)/(min axis)

*of ambiguity function e
target diameter D 640rd
nominal two-way delay Tr 201/c
delay resolution rt 2Crd/c
doppler resolution rf 2*w~rc/).
angle major axis amb.

fnc. makes with the
delay axis, pulse i 0 (i-l)/nni

constant al 2ne
constant &2 2n'/a
parameter P1 alosin (0) + a2ecos (e)
parameter p2 (a-al)*sin(20)
pulse std. deviation T sqrt(plert/rfl /21rp ~pulse duration (FIRM) FWHM 2.3550( +bT)IT
FM sweep rate b p2h(w'
pulse bandwidth BW (1+bT2)/T
pulse spacing T2
total iluiaintm Tt 0 sum(6*FIHM((i)] + (N-1)T2

toa apcchne WWTt

EXAMPLE USED IN SIMULATION:
rc - rd - 0.6 ae a 7 w =8.88X10-3 rad/s

:.'target diameter D 38.4 a
nominal two-way delay Tr 154 gs
pulse spacing r2 577 Ls

delay resolution rt 4 ns
doppler resolution rf 0.1066 Hz
constant al 14nr
constant a2 2n/7
sin FIRM pulse duration Twin 29.2 gs
max FIRM pulse duration Tmax 204.5 gs
in FM sweep rate bmin 0.0 Hz/s

max FM sweep rate bmax +/- 287 MFz/s
max pulse bandwidth Blmax 14.7 kHz
total illumination time Tt 316 as

4 *assumes no duty-cycle limitation on transmitter
total aspect change W 0.161 degrees

-page 9



TABLE 2: PARAMETERS OF SIMULATIONS USING A STEPPED FREQUENCY SEQUENCE

QUANTITY SYMBOL VALUE

target distance R 12.5 nautical miles
number of bursts N 128
number of pulses/burst n 128
center frequency fc 3 G~z

q wavelength x 0.1 a
" speed of light c

target rotation rate w
down range resolution rd

cross range resolution rc
target diameter D 640rd
bandwidth B c/(2Crd)
burst duration T3 X/(2*N*ro**)
pulse spacing T2 T3/(n-1)
pulse duration Ti 4*D/c
nominal two-way delay Tr 2*R/c
total illumination time Tt N*T3
total aspect change W uTt

- 'EXAMPLE USED IN SIMULATION:

re = rd - 0.6 a, * = 7, w = 8.88x10- rad/s

target diameter D 38.4 a
bandwidth B 0.25 GOz
burst duration T3 73 as
pulse spacing T2 577 Is
pulse duration Ti 85 ns
nominal two-way delay Tr 154 ps
total illumination time Tt 9.27 s
total aspect change W 4.7 degrees

4 .9-

r-4

' I,
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is the approach that has been adopted.

,rocessins based on radionuolide imazing. A digital simulation I

capability was developed for generating delay-doppler power functions

N for the simple radar targets and Gaussian-envelope radar pulses

described and for processing these power functions using the CW

algorithm from radionuclide imaging.

Listings of the computer programs that have been developed to conduct these

simulations are contained in Appendix 2.

Some of our first results obtained using the simulation capability that

has been developed are shown in [2. Figures 2 to 6, see Appendix 1]. The

reconstructions of the scattering functions of the two test targets ob-

tained with our implementation of both processing approaches look quite

close to the actual scattering functions. This has helped to verify the

correctness of our implementations. The conventional ISAR processing does

have sidelobe artifacts, with substantial power, that are not present with

- the new approach we are studying. These may be in part due to the fact

that we have not yet introduced any windowing into the algorithm in order

to maintain the greatest resolution. Windowing is now being introduced. d
.

It is too early in our efforts to draw any major conclusions, but a .4

- tentative one for the simulations we have implemented thus far is that

. conventional ISAR processing and CV processing produce similar results when

no additive noise or multiplicative randomness are present. We are on-

courased by this because it indicates that CW processing can work. Our

expectation is that when we introduce additive noise and a random re- .

flection process, the CV algorithm will outperform the conventional ISAR

processing both because of the use of the BPMF-SLED preprocessing and the

fact that the processing used in radionuclide imaging was derived with

pae-
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*' noise taken into consideration.

Activities preliminary to the formulation of an optical ISAR imaging

S problem have begun. Investigation to date (by K. Krause) is seeking to

determine the feasibility of extending the concepts employed at microwave

.. frequencies to the optical domain. This determination of feasibility has

a amber of interesting conceptual aspects that make the problem distinct.

For example, the potential sources of image degradation, such as atmos-

pheric turbulence, and the particular effects seen in optical radar images,

such as speckle, need to be considered.

4" II. WORK PLANNED

Additional work remains to complete the first task outlined above in

the Introduction. Window functions need to be introduced into the conven-

' tional ISAR processing. The CW algorithm needs to be used for the stepped-

frequency waveform, which requires an evaluation of the requisite ambiguity

%%" "' function. And more comparison studies are needed to reach firm conclusions

about the relative performance of the ISAR and CW algorithms. This work is

- . in progress.

We have initiated an effort to incorporate additive noise and a random

reflection process into our simulation of radar-return data. When this is

accomplished, we will process the simulated data using both the conven-
*:

tional ISAR algorithm and the CW algorithm in order to compare results.

We have begun to formulate the radar-imaging problem as one of statis-

tical estimation. We have begn to examine the application of our approach

" . to laser-radar imaging.

.

i
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IV. PERSONNEL

%

The following individuals have joined this research project during the

. last six months and attend regularly held group meetings to discuss it: 1.

C. Lewis, K. E. Krause, 3. O'Sullivan, and 3. T. Vohlschlaeger. Some brief

" biographical information on each follows.

NAME: Robert C. Lewis

PERSONAL INFORMATION:
Birthdate: June 22, 1955

5.: :. Birthplace: Memphis, Tennessee

EDUCATION:
BSEE Memjhis State University, 1978
MSEE Washington University, in progress

,5. EMPLOYMENT:
WIN .McDonnell Douglas Corporation, St. Louis, 1978 to present

- contributed to the research and development in avionics of
several advanced aerospace projects including the F-15
fighter and the Tomahawk cruise pissile

PUBLICATIONS:

D. L. Snyder, H. 3. Whitehouse, 3. T. Vohlschlaeger, and R. C.
Lewis, ''A New Approach to Radar/Sonar Imaging,'' Proc. 1986 SPIE

- Conf. on Advanced Algorithms and Architectures, Vol. 696, San
Diego, CA, August 1986.

5'. NAME: Kenneth E. Krause

PERSONAL INFORMATION:
Birthdate: November 3, 1951
Birthplace: Decatur, Illinois

EDUCATION:
BSEE University of Illinois, Urbana, IL, 1973
MSEE Bradley University, Peoria, IL, 1983

A DSc ER Washington University, in progress

additional coursework in Physics, Math., and Chem.:
I Illinois State University, Normal, IL (30 hours completed)

1979
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HONORS AND AWARDS
Phi Kappa Phi

EMPLOYMENT: ..

General Telephone of Illinois, June 1973 - October 1979
- special service circuit equipment and transmission level

specification
Caterpillar Tractor Co., October 1979 - June 1983

- electrical standards, computer numerical-oontrol ,
troubleshooting

McDonnell Aircraft Co., June 1983 - present IV?
- mathematical modeling and computer analysis of radiative

transfer processes in the IR and visible bands; visual
response modeling

NAME: Josook A. O'Sullivan

PERSONAL INFORMATION:
Birthdate: January 7, 1960
Birthplace: St. Louis, Mo.

EDUCATION:
BSEE University of Notre Dame, South Bend, In., 1982
MSEE University of Notre Dame, South Bend, In., 1984
PhD HE University of Notre Dame, South Bend, In.. 1986

EMPLOYMENT:
Aug 1986 - present: HE Dep't, Washington University, Visiting

Assistant Professor
Aug 1985 - May 1986: Univ. of Notre Dame, Senior Teaching Fellow
Jan 1982 - Aug 1984: Univ. of Notre Dame, Research Assistant
May 1982 - Aug 1982: Abacas Controls, Inc., New Jersey,

Electrical Engineer

PROFESSIONAL AFFILIATIONS AND HONORS:
IEEE, Eta Kappa Nu. Burns Fellow

PUBLICATIONS:
J. A. O'Sullivan and M. K. Sain, "A Theorem on the Feedback
Equivalence of Nonlinear Systems Using Tensor Analysis,'' 23rd
Allerton Conf. on Communication. Control, and Computing. U. of
Illinois, Urbana, 1985.

J. A. O'Sullivan and M. K. Sain, ''Nonlinear Optimal Control with
Tensors: Some Computational Issues,'' 1985 American Control Conf.,
Boston, MA.

l. A. O'Sullivan and M. K. Sain, 'Nonlinear Feedback Design: %
Optimal Responses by Tensor Analysis,'' 22nd Allerton Conf. on
Communication, Control, and Computing, U. of Illinois, Urbana,
1984.

- page 13
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.4 -' NAME: 3. Trent Vohischlaeaer

PERSONAL INFORMATION:
birthdate: August 12, 1960

4 birthplace: Memphis, 7N
resident of: Mesquite, TX

* EDUCATION:
BA Math and Physics, Austin College. 1982

U, SEE Washington University, 1985
BSSSE Washington University, 1985
UJS ahntnUiest,18

M SSSM Washington University, 1985

Ph.D. BE Washington University, in progress

HONORS AND AWARDS:
Class Valedictorian. Noth Mesquite H.S.
National Merit Scholar
Member of Honorable Mention Teas, 1985 Math Competition in

' Modeling
Sigma Pi Sigma, Tan Beta Pi. Eta Kappa Nu

EMPLOYMENT:
Amoco Research Center, Tulsa, OK, Geophysical Research Scientist,
Sommers 1982-1985

5 PUBLICATIONS:

D. L. Snyder, H. 3. Whitehouse, 3. T. Wohlschlaeger, and R. C.
Lewis, "A New Approach to Radar/Sonar Imaging,"' Proc. 1986 SPIE
Conf. on Advanced Algorithms and Architectures, Vol. 696, San
Diego, CA, August 1986.

V. RELATED PR&XECT ACTIVITIES

*One paper has been published during the last six months. A reprint is

included in Appendix 1.

R. C. Lewis, M. I. Miller, D. L. Snyder, and 3. T. Wohlschlaeger

visited the Naval Ocean Systems Center in August 1986 to discuss this

project. x. I. Miller is a member of the Electrical Engineering faculty at

* Washington University. The visit was hosted by Mr. Harper 3. Whitehouse of

.P~. - page 14



NOSC. D. L. Snyder gave a seminar detailing the ideas and goals of the

project for interested NOSC personnel. Discussions with several NOSC

U individuals interested in radar imaging took place during the day. A tour

of the NOSC radar imaging facility concluded the visit.

K. E. Krause. D. L. Snyder, and 3. T. Vohlschlaeger visited the Envi-

romsental Research Institute of Michigan (ERIN) in Ann Arbor, MI on October

: *. 7, 1986. The visit was hosted by Dr. James Fienup of ERIN. D. L. Snyder

-, * gave a seminar detailing the ideas and goals of the project for interested

ERIE personnel, and discussions with several individuals interested in

radar imaging took place.

In October 1986, D. L. Snyder gave a seminar about this project in the

Department of Electrical Engineering at Washington University in St. Louis.
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, 2. D. L. Snyder, H. I. Whitehouse, J. T. Vohlschlaeger, and R. C. Lewis,
''A New Approach to Radar/Sonar Imaging,'' Proc. 1986 SPIE Conference on
Advanced Algorithms and Architectures, Vol. 696, San Diego, CA. (See Appen-
dix 1.)
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3. H. L. Van Trees, Detection. Estimation and Modulation Theory: Part III,
John Wiley and Sons, 1971.

4. D. L. Snyder. L. 3. Thomas, Jr., and I. K. TerPogossian, 'A Mathemati-
- cal Model for Positron Emission Tomography Systems Having Time-of-Flight

Measurements,'' IEEE Trans. on Nuclear Science, Vol. NS-28, pp. 3575-3583.
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Renrint of:

.~ '.D. L. Snyder, B. 3. Whitehouse, 3. T. Wohlschlaeger, and 1. C. Lewis,
''A New Approach to Radar/Sonar Imaging,*' Proc. 1986 SPIE Conference
on Advanced Algorithms and Architectures, Vol. 696. San Diego, CA.,

4.... -~ August 1986.
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Presented at the 1986 SPIE Conference on Advanced Algorithms and
Architectures, SPIE P'roceedings Vol. 696, San Diego, CA.

A NO5 APPOAK '10 3ADhIt/SCJMh 11G

boald L. Snyder0, Barper 3. whitshouee, 3. Treat WohlschlaogerO. and Robert C. Lewis*

0Wshiagtoa University. St. Louis. 90 63130
*0 Naval Oaes Systems Coster. Sam Diego. CA 92132

We describe as analogy between imagisg in delay-doppler radar/sonarsaed positron-emission tomography.
This Suggests new processing algorithms for the radar/sanar imaging problem that may permit Improved visali-
zation of targets for practical ambiguity factioms. A receiver architoctaro consisting of a beadpass matshed
flitter. sqare-law envelope detestor. asd specialized processiag to proposed to prodsce Image$.

Inverse syathetic-sperture imaging in radar sad sonar relies upon the relative notion between the trans-
mitter. target. sad receiver. Is the usual approach, the target is Illaniated by a series of transmitted
pulses. The return for sek palse* Is a superposition of reflections from various locations on the target.
with eoakh location effecting the poles by introducing a shift in delay sad doppler. In this way. the Gesula-
tive return for sash pulse* is a complicated nIzture of returns that Is influenced by the shape and reflective
properties of the target ad its notion relative to the transmitter and receiver. The range and doppler
histories of each of the reflected pulses are processed to produce a target's image.

The common apprach Is to ue the same tranmsitted-palee shape for each illumination of the target.
Bernfeld (l3 appears to be the first to istrodace the Idea for radar imaging of modifying the pulse shape on
successive illusinatious. He also suggested an approach for processing the reflected pulses so as to produce

t ~ images of the target; his approach is based on en analog hie observed to the equations governing the date no-
quired in the x-ray tomographs currently being used for forming radiological images in medicine.

Ose deficiency in Bernfeld's novel appioach is that, for the analog to X-ray tomography to be accurate,
the abiguity faaction of the transmitted pulases must be highly concentrated alons Ilnes in the delay-doppler
coordinates &ad. mreover. must have a constant ampglitude along such lines, Thue. praotical rsdar/saar
pals having ambiguity functions with cmplicated sidslohe structures and a nonunsiform; amplitude along the
principal lobe are net accoaodated very well in the conctept. The purpose of our paper is to note an alterna-
tive alog to medical imaging where thi restriction in remined. This extension to Bernfeld's idea nay
permit improved images to be formed for practical abiguity functions.

Model for Radar/Soar usa rbs

The model ws use for radar/sonar imaging is the one described by Van Trees 12. Ch. 131. The tranmsitted

pulse has couples amplitsde E 27(t). where Ris the transmitted energ. The reflected puls* at the receiver

has complex amplitude sit). whoe

u~)-Jt f7(t-r);(t-r/2.r)d-:.

where b(t.v) is a zero-mana. complez-valnad Gaussian process modeling a diffuse reflection interation at the
* target. We will denote the power speotrus of b(t.ct) at rongo T by elf.:); this is the target's scattering

faction. Vas Trees denotes thin function an O Smf.:). It is asumed that bit,:1I) *ad bit,,r2 ) are acorre-

lated for 1 :0 2- Thus. it.:) models wide-sense stationary. umorrelated scattering. The complez envelope
ef the received signal Is ;(t) - ;(t) + w(t), where ;(t) is a complea-valued, white Gaussian noise-rocess
that is independent of bit.:c) sad which has spectral intensity N . For the work to be described here, we

assome that rnt) is first processed by a bandpass matchd-filter square-Law envelope detector ISPUP-W). in
which case the average value of the result is given by [2. eqs (13.79)] p(f.:) + No. where

-.,c f) 19 o(VI),-vf-'4cd

*This work was supported by the Office of Navel Research under coatract N00014-16-K'0370.
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is which:(T.f) are the £el4y-dopplet coordinates and &(:c.f) is th: ambiguity funtin of the trasmitted

* the two-dimeasioaal oawolutioa Of the target's scattering function with the ambiguity function of the
treasmitted sigmal.

* Adopting Bernfeld's idea, we consider that the transmitted pulses which illuminate the target are chirp-
rate modulated, by whish we moas that each pulse has a particular linear FN chirp rate bet the chirp rate is
varied from pulse to puls@. The effset of chenging the chirp rate of a pulse is to shear or tilt its
ambiguity function is the delay-doppler coordinates 12. p. 290). We shall demote this tilt by the parmeter
0. which dependsaon the chirp rate. We will &asme in what follows that the pal"e Shope is changed along with
the chirp rate is such a way that the only variation of the ambiguity function is to rotate it to an angle 9

* - iu the delay-doppler Plane. it is Unnecessary to ainain a fixed shape of the ambiguity function in general.
but thia assumption results is the closest analogy to mission tomography. In order to inalade this chirp-

PM rate modulation in our uotation. we shall now replace f(t). aC:.f). p(,c.f). and r(t) by 7 (tM. e*(V.f).

We* may sow state the delay-doppler imaging problem for radar sad sonar as that of stimating the target's
r scattering function from the data r (t) acquired for a series of target illuminations at 0 . ** BY

temporarily introducing the simplifying asomptioas that the additive noise Is negligible and that the re-
aultiag date ans be replaced by their average value. pe(v.f). the imaging problem becomes a deconvolution
problem tn which we ar@ Sivas the ambiguity function a 0(T.f) and date pe(~)for several values of 0, and we

must solve (1) for the scatteriag function *(vt.f). We have noted is (3I that this imagisg problem Is analo-
gons to one encountered in positron-miasim tomography.

An equation havins the same form as (1) ocurs in positron-mission tanographic-imaging systems. In these
systems. a positron-emitting radionlide Is introduced inside a patient. and the resulting activity is ob-
served externally with an array of scintillation detectors that surround the patient in a planar. ring Soame-
try. When a positron is produced in a radioactive decay. it annihilates with an electron producing two 511
hew photons that propagate at the velocity of light in opposite directions alons a line. In systems under
current development. both the line-of-flight and the diffseetial tine-of-flight of the annihilation photons
are measured, which provides as estimate of the location of the assibilatios. The result is that, in the
absence of noise, the measurements are in the form of (1) with e(v.f) being the two-dimensional activity

ditribution to be imaged, and with a 0(v.f) being the known error desity associated with the measuring the

loction of as annihilation event (41. Por present systems, the error density is a two-dimensional ellipti-
cal-shaped Gaussian fumction with the long axis oriented at an angle 0 corresponding to the line-of-flight of
the annihilation photons, and data are collected for from 32 to 06 discrete agles over the rage (0.1900).
This density corresponds to the ambiguity function of a radar pulse having an envelope that is a Gaussian
function and a phase that is a linear PU chirp.%

Is summary:

a. For delay-doppler radar/sonar imaging, we suppose that the target is illuminated by a sequence of radar
pulses each having a distinct PU chirp rate corresponding to eagles 01. 0 2 ........ spassing the range from 0

to 180 in the delay-doppler plane. ADRW-WLE receiver produces p (:c.f). The ambiguity function a Cr.f) is

known. The problem is to estimate the target's scattering function 6(rC.f) using the relationship (1).

b. For amiasion-tomography imaging when both tine-of-flight sad line-of-flilbt data are collected, we have as J
fteasuremesta p(:.f) for angles 01. 02 .........Nspanning 0 to 1800. The measurement-error density as*(v.f) is
heown. The problem is to estimate the activity distribution e(v.f) sines the relationship in (1).

% Campater algorithms for solving the imaging problem for positron-emission tomography with time-of-flight
messuremeats have been under intensive development since about 1930. and they continue to evolve and be ro-
fined. The first such algorithm, called the ''confidence weighting algorithm" 141 continues to be the one

* routinely used. Algorithms under current development are based on the joint maximization of likelihood and
* entropy 15.61; these are solved iteratively ad are, therefore, very demanding comptationally. but the

* results appear to be superior. Is the following section. we indicate how the confidence weighting algorithm
would be applied for the radar/sonar imaging problemn. A future publication will describe how the newer

* approaches night be used for radar imaging.

The conf idence-weightegd algorithm for processing p (V.f) to estinste O(v~f) is as follows. Thkere are two

steps; since the algorithm is linear, these could be combined into one. but two &re used in emissiom tomo-
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* graphy baenso of implamoststien considerations. The first atop is to form a two-dimeasional convolution of
the date p 0 C:.f) obtained for each value of 0 with a weighting function w09(r.f) and the& to form the pizel-br-

pixel am of the results for sack 0; that is. we form the functions

fS f(T.f) - U29 (V If')w,9T. f-f)d'd'.

and then we obtain the two-dimensional ''giemag f(:.f) according to

f(~)-(11S)Jf,9(v.f)d.

The formation of tis preimage generalizes the back-proj ection step of the * (unfiltered) back-proj ection. post
-two-dimensional filtering"' approach to Idealized line-integral (i.e.. ladon transform) tomography; for Ideal-

line integral tomography the almost universally used approach, which yields he same final result. is to
filter before back projecting, but this does not work well when line Integrals are a poor approximation, as in
time-of-flight tomography because of the dispersed point spread p (T.f).

As described ia (31 sad 14). * wrious weighting functiona might be adopted, but for time-of-flight tomo-

graphy, the choiee "aed is we,c.f) - seC,f). For radar/sonar imaging. this corresponds to taking the value

.4 of the IPU-ED output p.Cv~f) for a particular value of (cv.f) and distributing it over the delay-doppler

plane according to the ambiguity function. This night be motivated by noting that if we ints prt V(v.f) as
the total reflectance power at (v~f) and a e'0 f'f as th. fraction of reflectance power at (v.f) appearing

as measured power at (vl.f'). then the quantity p*C fv'f defined by

p9T~1~f)- aCc1-V.f1-f)a(V~f)IL

'6 is the fraction of reflectance power at (v.f) given the total measured power at (v',f), sad

% (V.f) 0 lnJ[.J.rfr.'p(~'dd'd

Is the total refleetance power at (w.f) given the power measured at every (:',f) and every value of 0. Since
a property of the ambiguity function is that It has unit vola 12. page 3081, this expression is simply
another way te write the trivial equality that c(v,f) - a(v~f). Nowewer, it this expression is adopted as a
basis for estimating an unknown scattering function a(v.f) given the measurements p,(:,f). and if we further

presume that the scattering function embedded implicitly within the right-hand side of this expression is
equally likely to be anything (i.e., uniform) before making any measurements. then this expression redu*e* to

the preinage expression defined before.

* The second processing step is to obtain the target's image from the preimage. The required operation
corresponds to the fitering stop of the ''back project then filter'' algorithm need to invert the laden
transform. The anlogy to the confidence-weighting algorithm of positron-mission tomography suggests that
this should be accomplished to within a resolution function h(r~f), which defines a ''desired image'' according

* to

-7 d(T.f) -JJhcu.ffe:.f)td'
We have found that including Such a resolution function is important in processing emissioz-tonography data as
a way to trade off resolution &ad smoothing for noise suppression. Is (41, a narrow, two-dimensionally.

*circularly yetrio Gaussian resolution filter is used. Let d(v.f) denote the estimate of d(v.f) obtained by

processing the preimtage f(v.f). Also. let D(u.v) and F(uY) denote the two-dimensional Fourier transforms ofa d(v.f) sad f(v.f), respectively. Then. from 14. equ. (17)1.

D(u.v) - 5uw1uvI~~)

where EWu.wI is the transform of h(-c.f) sad G(U~v) is the transform of the function g(1?.f) defined according
to
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a (1IuJ ~ f)w0 (T.0f)4.

The image d(rc.f) is obtained from D(u~v) by a two-dimensional inverse Fourier transformation. The function
g(t.f) &ad G(u.v) are, precomputable since they depend only on the ambiguity function and the weighting
function adopted to forms the preinage and act on the measured data. For the choice w.(r~f) - a (T,0 , the

function g(v.f) is the overage over 0 of the square of the ambiguity function. Is (41. e9C:.f) is a two-

dimensiomal aseyetrie Gaussian Lunatics. ad, g(v.f) is a Damsel function. The derivation in (41 doee sot
require that a (c: f) be Gemasiem. but them g(v.f) will usually neead to be evaluated mamerically for practical

0*
ambiguity fusatioma.

Processing Architect&ue

The architecture of the Isisg algorithm we have described offere opportunities for parallelism and the '

s of specially designed processors for "esr real-time processing. Data acquired for each chirp rate 0 can
be processed is parallel and them, amd to form the preinage f(v.f). The convolutions reqnired for each
chirp rate can be ispi mested in systolic or other high speed architectures. The architecture is diagreamed
is Fit. 1.

Preliminary Results

W. have implematd a preliminary computer simalation to begin testing our algorithm. Two, targets have
bees simulated. a rotating rough disk sad a rotating rough sphere. Oaily overage quantities were included in
this first simulation. variations due to both additive noise and statistical variations isthe reflection p

process are presestly being ispl mooted. Processing was performed using both our new algorithm (CV) and the
algorithm aveatioaally sed for inverse synathetic-aperture radar (ISA1) imaging.

4jgj: The asis of rotation is normal to the disk and passes through its geometric center. The radar
looks ia the plaine of the disk. The diameter of the disk is 6.4 meters. The rotation rate is selected to
give a circular scattering function, in the delay-doppler plans.

*shot@: The sxie of rotation is through its geometric center. The radar looks in the equatorial plane
of the sphere. The diameter of the sphere is 6.4 motera. The rotation rate is selected to give a circular
scattering function is the delay-doppler plas.

Figures 2(a) sad 2(b) show the power scattering function for the rotating disk and its reconstruction
sing the (X algorithm, respectively. Each image is an array of 123 range by 1211 uross-rasge resolution &:
cells. with each cell being a square of dimension 0.1 aeter om a side. The scattering function is contained
in a square @*barray of 64-by-44 pixels. A total of 128 distinct FM chirp rates wane used such that the
ambiguity function rotated at equal increments through 130*. The asymetric Gaussian-shaped ambiguity
function has dimensios of 28 pixels (FUM) along the major axis and 4 pixels (FWRM) along the minor axis.
The durations and chirp rates of the radar pulses were adjusted so that the ellipses describing their ambigui- d
ty functions had the ame major and minor axis-dimensions at each rotation angle. Te delay-doppler image
obtained with the CV algorithm shows &es degradation in resolution but no other major distortions are evi- .

deat. .

Figures 3(s) sad 3(b) show the power scattering function for the rotating sphere and its reconstruction
asiag the Cy saorithm. respectively. Each image is as array of 128 range by 123 cross-range pixels, with
sech pixel being a square of dimension 0.1 meter on a side. The scattering function is contained in a square
subacry of 64-"y-4 pixels. A total of 123 distinct FN chirp rates were used such that the ambiguity
function rotated through ISO'. The durations and chirp rates of the radar pulses were adjusted so that the
ellipses doseribila, their ambiguity functions had the same major and minor axis-dimensions (24 by 4 pixels
MEN, respectively) at each rotation $ale. The delay-doppler image obtained with the LT algorithm shows some
degradation in resoistion but no other major distortions are evident.

Figures 4(a). (b). &ad (c) show examples of p 0(rc.f) for 0 - 00. 450. and 900 for the rotating sphere.

Figures 5(s) &ad 5(b) show the squared magnitude of the reflectivity (complex amplitude) function for the
rotating disk &ad its resonsttuction siag the conventional ISAR algorithm. Each image is an array of 123
range by 128 cross-range resolution cells, with each cell being a square of dimension 0.1 mster on a side.
The reflectivity function is oained in a square subarray of 32-by-32 pixels. A stepped-frequency radar-
pulse sequence ceasistiag of 123 square pulses, each of durstion 85 as separated in time and frequency by 3.4

as and 11.7 Ms. respeetively. is assamed. the center frequency is 3 GO&. and the target is illuminated by
123 such pulse, sequences. For the simulation. we calculated the received signal from the target using die-
scete points to model the distributed reflectivity within resolution calls distributed evenly in a rectangular
grid over the target. The received aigaal for each transmitted pulse is processed to generate the image by r
first sortiag int* rasge-roeolation, cells using a Fourier traseform and thea sorting the result into doppler
tesolutiOn-cells by again sing a Fourier transform on the date is each range cell. The resulting image shows?
some loss is resolution *ad an oscillatory artifact around the edge of the disk. .0 .
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Figures 6(s) *ad 6(b) show the magnitude of the reflectivity famation for the rotating sphere Gad its
64reconstruction using the conventional ISAR algorithm: Each image is an &Cray of 128-by-laU resolution cells.
%4The reflectivity function is contained insa square subray of 32-by-32 pisels. with each pixel being a square
.1of dimension 0.1 motor oa a side. The same ISAR proesinS described for the disk was sed, Ile resuli ng

image shows losa is resolution &ad as oscillatory artifact around the edge of the disk.

We wish to emphasize that those results are our first sees, and they are very preliminary. We are
ecomsged by them because the images produced with the (W algorithm do *aem to have less artifacts than those

produced with the conventional ISAR algorithm. We aspect that a greater difforeaee ia the reenitiag images
will result whom additive seine ad statistical varieuies* is the refleetion process age included is our
simulation. with the CW algorithm bolas superior besens of the a" of the atehed filter for additive SOise
suppressioa sad averaging over doppler rates in forming the image.
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~ V.'Figure 2. a) power scattering function for a ro-

.y. ,,~tatiag dish. b) reconstruction seine the C1

algorithm.

Figure 1. a) generate the delay-doppler function
for each chirp rats. b) generate preinage by

*weighted back-projection and the desired estimate
by poet filtering.
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Figure 3. a) Power scattering fusetiom for a t-- Figure S. a) squared maniitude of the refleativity
tatting sphere. b) reconstruction Using the Cp function for a rotatiag disk. b) reconstruction
algorithm, using the staindard ISAR algorithm.

Figure 4. UMW-SLED delay-doppler output for Figure 6. a) squa~red magnitude of the reflectivity
s) 0O. b) 450. sad c) 90e. function for a rotating sphere. b) reconstruction

using the staindard ISAR algorithm. S.-

page 22



4 ME~iL1.
* 3

ANNOTATED LISTINGS OF COMPUTER PROGRAMS DEVmOPED

*p.
4-.

4

g

.4
* sq

p

5.

.4

.4

* (h'.

b

S..

pa~.23

-. a. *-**-.~ - - . -~~-.5~--.*.-.*.--.*...' .... .s. .- . 5*****~5 5S q*5**.5~S...a' **% - ~ - 5 *"'I.. - . . -. ~q.>5.I **5 -5



AfEHDIX 2A. ROGRAM LISTINGS FOR CONVENTIONAL ISAR SIMULATION

SIMULATION PERFORMED BY: Robert C. Lewis

A FORTRAN program was written to achieve the goal of producing conven-

tional ISAR images in a laboratory simulation. The dimensions of simulated

targets were specified and their scattering functions were supplied for

use. The ISAR simulation contained two parts. The first inputs the scat-

tering function and calculates the received signals from that target for

all pulses and bursts transmitted. The second part processes the received

signals using Fourier transform techniques, as described here, to produce

an image data file. An image display routine is used to display the ISAR

image on a color monitor.

An algorithm is presented in Figure A2.1 to describe the programming of

the mixer output portion of the simulation. A two-dimensional array is

used to store the resulting radar signals. Two analytic targets were

chosen, a rough disk and a rough sphere. The field of view of the image

was chosen to be 76.8 meters in both range and cross range dimensions. The

resolution in both dimensions was chosen to be 60 cm. Therefore, the

.* scattering function is a 128-by-128 array of reflected power values. The

diameters of both the disk and sphere were chosen to be 38.4 a with both

"- centered in the field of view. It was desired to write a computer program

that would generate an image of size 256-by-256 pixels. This is required

by the Fourier transform techniques used.

In this simulation, 128 pulses per burst and 128 bursts are used in the

transmitted waveform. This covers the field of view given the resolution.

The resulting two-dimensional array holding the received radar signal is of

size 128-by-128. The range profiles are calculated by using a discrete

Fourier transform (DFT) and the following property to get an inverse DFT:
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Read In Scattering Function
Increment Burst Number m

K-1
Increment Resolution Coll (r, f) - (i. J)

Increment Pulse Number n
Calculate Received Signal S(n)S (n) - S (") + S(n)

End Lamp ""
K-K+I

End Loop
Store S(n) In S(n. n)

End Loop
Normalize S(n. m) to max IS(n. m)] - 1.0
End

FIGURE A2.1 Algorithm Used for Received Signal Simulation

if 1(k) is the DFT of x(n), then Nx*(k) is the DFT of X*(n), where '''

denotes complex conjugation. Alsp, in computing a range profile, the 128

point signal is placed in the center of a 256 point array, padded with

zeros, for the inverse DFT operation. The resulting 256 point range pro-

Ufile, divided by the number of points, replaces the row of signal data in

the two-dimensional array.

In the final step of calculations, the cross-range profiles of the

image are made using a DFT on the columns of the two-dimensional array

resulting from the last operation. However, a rearrangement of the data in

the 256 point array is needed. Instead of placing the 128 data points in

the center of the 256 point array, the first 64 data points are placed in

the first 64 array locations, leaving the center array locations zeroed.

S This is illustrated in Figure A2.2. After the DFr is computed, the zero
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frequency location is in the first array location, so the data are rear-

ranged with the last half of the 256 points interchanged with the first

half. The magnitudes of the resulting complex numbers are stored in each

column of the two-dimensional array. The resulting two-dimensional image

data array is then used with a color scale to display the target's image.

le I

"" -1 z e O

"

I-s

%"1

:A r e4 zs P? Z 0 -

FIGURE A2.2 Fourier Transform Techniques

A listing of the computer program follows. In the main routine, PROC3,

the target's scattering function is input and the radar received signal is

i calculated. This signal is normalized to peak magnitude in loops 110, 120,

S- page 26
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* 130. and 140. Subroutine IXAGE2D is the& called to reconstruct the image.

A brief description of esah program and subroutine is as follows.

PROC3: calculates a mixer output signal from an input scattering
- function data file. A non-statistical target is assumed.

.I.ZY locatioa of center of rotatioa within the
scattering functioa in on.

TT total time interval of all pulses and bursts
B bandwidth of a burst
FO lowest frequeocy in a burst
D stop frequency inorement
N number of pulses in a burst, number of bursts

INAGED: perform* ISAR processing to reconstruct an image from radar

signals. The DVIs are implemented using the FIT algorithm.

TARGKT: reads in the target's scattering function data.

PROGRAM PROC7
r!E S I 3, ",128' 1'(128)'S (I ' .

-E LA~'BDA,NA
" Comp e" .AME

Common .blkl, LAMBDA( 128, 28)
Common bik.- FRIAMEd256, .3! ******************************************************* -**

C 0* STEPPED-FREQUENCY ISAR PROCESSI. .4 E. :. ...-

N.,-TATIST I CAL REFLECTI' 'S .

-.,, -,ut=1., :Lt.ut=1? ±
. - 4-- 4--r

P1=3. 1415?27
' C RX= -,.:3

. .~3

B7.= 9 . 2E?

F0=2.875E9
DF=B.. I.. 2.

• H.=I 2

C * **** * Read in _;A t t e n4 r r n r,

CALL t-.-et

=77/ -

T F
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DO 0 =Ij,28

DO 50 =,12

..... . . ,7 , *e :utput ;r& ,.rn sc.tr --- --i
DO 1 K. T0 . 1 T

DO 50 K1,,123 .4'.."'

50 CONTINUE
DO 60 1=1,128

X.( I-1 -1 ) *+1 CRxr-r

DO LA =BD( -J=*T , 12 %.-

A'j- . I 1=_. 1 9,
DEL. ...666.E-9*Y
DO 60 K=1,128

FI=(K-1 )*DF+FO

Y.,T2-C=X/ ( 12.68* DT*PI
PI 2FTAU=6.2832*FI*(DELAY-VT2C* ' - : r.. 2 -

S( K)=S( K) +A*COS( PI2FTAU-)
a <K) = 12 ) + A-S IN" P I2FTAU)

CONTINUE
73 , IT I 4UE

:90 CONTINUE
DO 90 K=I, 128

FRAME( L, K+ 4)= CMPLX ( SK K) , Q(K))
CONTINUE
L=L~ k'4

1 -j C 0.4I1NUE

S4*** .,:rm 1 :e ri:...er ou tpu t to peak m gr' v-e = " .c ;

.. 120 L1,25. I"""

DO 110 K=1,2--56
PK=tlA.,' PK A( FRAME (L, K)

•1;3 C ONT I N'UE

12 0~ 'C 71 * '

DO 14-3 L=I , 25
FRAME<L, K=FRt,E<L, .I*PKI Nt. Y':

1 30 C-ONT I NUE 
t 

E
i40 CONTI , -

. .. , B.~'J

.:-...i.. . "

-page 28

• . :.- :.-.-..-....-.-... 5-' .-S.-..............................................................-.-..-.,.-.-.....-.-............,_5 -
" *n J 'i'S

5

5
'w du&5"2m5 

'
: 5

a
t :.d r:. *l ... . . . - . 15* 'S - .



a a~~~~- av- -W 7W 'a. - - - - - - - W- - -

a.....#
'."'4.

+ . ,.- - -. _, -.'';+"' "" r : :.,:+ - - - - - + - - = - + -. av++ + # "

n**. .,: .k Ig I: a ' o M
++ :+° --+, 4--..--

Real image
Complex f(256),frame
Dimension ilW(128)
Common ibl k2/ framer-56,2'56
Common .*bl k3/ image(256,256)

M=13 Ecc'. V .. .5 -"..:

:o 7 . 1 r2: "-'
L..,I :)=SF*E/PF( - .OOQ* I1-.54'4*2'

:0 CCh'-T:K'":E ..

D0 128 i=1,256
DO 108 j=1,256

f.j)=con g,frimei ,j))
1 0 CONTI NUE

DO 181 j=1,12"

+ j *64.)= ,+ J +64 41 j)
S0 1 CONTINUE

CALL FFTK+,M)
DO 110 j=1,256

frame(i,j )=tonig(f (j))*.00390 I
110 CONTINUE
:28 CONTINUE

DO 150 j=1,256.
j:D 125 i= ," 56

f':.i)=cmplx0.,@J
1 2 CONTINUE

DO 130 i =1, 64
+I +.A)=4rame( i+ 12,j'
..+ I 28) =+ r, e +_4,j,

130 COt.TINUE
DO 131 i=1,128

f( i+.64)=Wl(:i )*f( +64)-
:3 ,CONTiN UE

CALL FFT(f,M)
DO 140 =1,128

image( ++12.3,j )=,:( s Y" , *+ '  "' 2 -

im aMe, + = bS k-f **2

140 CONTI NUE V.

50 *:,ON.,TI+NUE .

z'.:7E I, " 1AGE~ , J, ,2z' - ,-

* - a,'.,
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SUBROUTINE TARGET

C******** READ IN TARGET'S SCATTERING FUNCTION. *****.**:

REAL LAAMDA
COMMON I3LK1I/ LAMBDA(128.128)

READ C16,1 )C((LAMSDA (IPJ }tPl ,128) oJxl ,128)"

RETURN
1 FOR14ATCIX,8E9.2)

SN D i

A=IX 2B. MOGRMh LISTDISS FOR MMMC321 KIEIZ ISAl SI]IWAnO"

SIUnrIt4~fll PUPlWinn 3!: 3r. Treat Vohlsoklaoer"

The software system developed to simulate the proposed

pr::es si ng al gor i thm consi sts of several separate programs,
each designed to perform a specific step of the prc,- si ,.

The programs are listed below in the order that the;. are

rin, along with a short comment on their function. For. a T:..
thorough desription of a particular program's use, please see
the accompanying I istings.

S Pr,-gr r Description

i mkfi lt Generates ambigui t/ functions. Run on:-e -:- a
g,.,er, set of parameters. s

spinbal 3enerates the scattering functior for a -

sphere.

3a. detr tr Generates the p(theta)'s corresponding t: rd.r
returns -From 9L deterministic reflectisor rr:cde1.

-. return s ''-om B rar tan r e ,e r r - -

-4. a Performs the confidence weightedl Qcr
the -eturns dat ; ,ere- ed in = e- 3-

] .. 0

_ r. -; er, ra te s the fira. , m a e .y f ilte r i7 ; t-e .1

*. e . ; ie rd e e ,> : .. e s -e p 4 .

-' , age 30
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e : c 5 lf:-l 1986 mk .. .. P ..

r ar :Iram T t f

-.ten b T Trent t4ohl schal eger
r. tten .M.larch 21 , 1985

t.r it ten .or Delay Doppler Radar Imaging

-~ ~~~~~ e, .- ,.,T rt r, t

This program has several purposes. The main
a -- im i t n er-erate a lookup table that will be used

b r -ter pror. am to perform convolutions. These

n ut 'on .s v.i b e v.,i th a specific typ e of funrtion,,
- amel a tw.o-.imen s iona. ass ymetric ausia. The

P " - ecal nat.jre of this function makes the tatik of
* 2 fnd;n the look up table coefficients a little easier

, ':,r Faster) than for an arbitrary function.
. c .JhtI ' performing the convolution, only pixels

- - that Fal , i thi n a. cer tain range of the image pixel
currenty tbein g convolved will be updated. This

Arge i s choser, to, be a cer tain number of standard
ae, at-cr,s., where a standard dev i at i or, is rel ated

- to the fulI ildth half max measurement error by
". - : .=tar. , The first step is therefore to find

- ,- x ils fall within a given number, of standard
t c.ior!s cf a central point. This is done by
I_ . m an el ipse of isoprobability with the
a; .rln rate semimajor and semiminor axes and testing

4* V to See whether . the center of a pixel lies inside
.. - te elIipse. If it does, the pixel's row and column

* - are tabula ted. This is accomplished for all "rang"
* S

- Ther, a! al I angles from the first (at angle
thetae" to the angle corresponding to thetae, + 45
d _egree-, for all of the pixel centers inside of

; s te e1 ;;.e and tabulated earlier-, a two-dimen siona1
n um ericaI;l integration is performed to find the volume
t,,. the p :.el under, the gaussian f+unction. The

e m etho-;d is a simple riemann sum with "numint"
-"--ct , o .eve1 u.tions in each direction for a total

- :- - m'rt *2 +ucti on e., auat io ns The volume
S. - _- e.-th the auSi .n for a p i becomes the

- - - - , oeff c ent or look up table coefficient for-
- - - No, eaB-ch pi xe I wh ch i - ass i gned a
- rr, must aso have an addr-ess so that the
-rr (.o h s- performing the subsequent convol ut ions

' ,, .here to apply this weight. The address is

ta. r, n (the image array size) times
.... r t ch the p i >el i s 1 ocated p1 us the c o1 umr.

% - ffc _et = (r*r-o.) + cc.•

• *. -[if -, - -, = Br . -:,

' page 31
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c ,- 2) a() a,-2) a(l,-2) a(2,-2)

a..1 a(l -) a(2, -I
- a'a - i-I,-a(

P -%2 C a(-1, 0) a(0, 0) a(l, C) a(2, 0)

: aZ . .- .. ..'i a(,"I. a( 0 . a , 1 a( , I ) a (2, 1

' c-2 , 2) a(- 2) a(0 , 2) a(1, 2) a(2, 2)

, Note that the columrn index is shown before the row
. e.. , and that the c l umn number increases from

the ;eft to the right ir the image and the row number
- increases from the top to the bottom. The gaussian

function is assumed to be centered at a(0,0). The
C address (or offset) of pixel a(-I,-2) would be
- <(n*row. + col = (5*(-2)) + (-I) = -11. The
c addresses of the other pixels are defined similarly.

S :-4: te that earl :er it was stated that the
S rnumerical integration was performed only for the

- g-uss ian function generated for angles from the
first (at angle thetaO) to the angle corresponding
t: ...e, plus 45 degrees. This is. not quite

- true. he the integration is performed for the
gaian generated at only these angles, the integration
i Iproduce results that have some symmetry. The

c volume over pixel a(1,1), for example, will be the
c same as the volume over pixel a(-l,-1) for any givena - angle. This program takes advantage of this symmetry
c and performs the integration only for roughly half of

the pixels falling inside of the ellipse. Note that
C the number of pxels inside of the ell ipse will always

.:e odd. Therefore ((numins(angle) + 1)/2) volumes
must be taken, where numins is the number of pixels

S a f.lling inside of the ellipse.
t Fine. Now we have the addresses and coefficients
C for the angles from the first to the one corresponding
a to the first pius 45 degrees. Now we take advantage

of the fact that the next 45 degrees worth of coefficients.
- addresses car be found merely by exchanging the roles

':.f tE ws ard columns found for the first batch of
- •-' . limil ar ', the dast 90 egrees worth of addresses

- and ::-4 z: er, ts can be der ved from the first 90 degrees'
re.u t- b, merely changing the sign of the row. All of
ttee symetry properties are exploited to minimize the
rur. time. Note that the bulk of the run time is
spent do ing the numerical integration, but this need
.e dare an., for approximately 1/8 th of the pixels

- :,r .hich addresses and coefficients are calculated.At the beginning of the program description,

: : mentioned that the program has several purposes,
t- I 6a.;..e me r! i or, ed orily the generatior, of the
: up e t Other tjrict r, srf_-,rr med

e.ie . ,re, rtiCatirn i f rv - t, OAw E ght i:
ee re,-t-i,,e ( th t s hou t 4 - e pe .

-page 32
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deal . ed oI-tputt ing the number of pi xels included
i de the e, Ipse at each angle arid the total volume

_-,.er these - -" =

I _-~ fa-a.hm.ter: fullu width half max measur-ement error

a.r ! ng the line of flight, in cm.
-t'..h Tib = #u 1 w i dth hal f ma.>: measurement error

trasr:serse to the 1 ine of flight, in cm.
p = image pixel size, in cm.
nostde = number of standard deviations worth of

pixels for which addresses and coefficients
-a= l to be generated.

nang number of angles for which the table is
- to be generated.
- rum:r,t = number of intervals in which the gaussian

function is to be subdivided for the
St C numerical integration, in each direction.

1n = image array size, i.e. the image is of

size n x n.
The first four parameters are real floating point
r-: r rrb er-s.., and the last three are integer numbers.

-1 .... files

S= parameter table (see above)

C" : output files
I C fI - = look up table containing addresses and coefficients

of the two-dimensional gaussian for all "nang"
.: argi es

%-4 - p . o rm., structure
-p : mkfilt, newfio

-AA' coeffl(1000), coeff2(1000,128), confac, cosqth, costhe,
S* l , fw,hml,, +whrre , nostde, p i , p ix, scale, semaj,

* E-7.L Semir, semisq. sigbsq, sigesq, sigmab, sigmae,
' -s rs, sinthe, sisqth, theta, u, volpix, volume(128), x,

I e' t
, :oI im , xmax, xmin, xrot, xrotsq, xsqfac, xsqmul

* : , :ru , ', ncernt, xIo1 im, ymaxsq, yminsq, yrot,
4t E c a r- sqTiu

. ar, i urn, arigI , ang2, col , colmax, colmin,
St: ab e ,(' 80 ,1 ' 0 0Fnde x i owr-t , lu 3,

r, J rrn snumint, numneg, numrec, offset(1000),
r a " re.d rdik, rowmax, rowmir, r-owtab(1888,128),

S t~trurn, ::..indx, yi ndx

"-,r. rteer*4 cutdes, nbytes, nbl
rlte ;er*4 nang, nterms., totang, minor

N r t ,,eger ttout , rk rne, t, cmatrx (-128:127,- 12 :127)

°, - " - .:-- T ,, .

Se- +. " is :tp- t A--t-r n a d the va.lue cf u

- page 33
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dat e 02 ti -. S

aA'.d e t a a r .dc C1."

: t F. ... , 141 ,' .
ata t'z~a'.5..- t tt r, .. ,

:pe r r i 1 e=mkf 1 t . s , .t u s= u r kr own)

Create output file for byte oriented I/C. %

Ce -fcre.at('Erter output file for filter coeffs',outdes)

rea._  t.. , 9905 narig
te tout , 9027,0.

re. , i r, 905) n terms
wr I '- t t i r , 950,30)
re d . t n, 990 0 6) fwhm -e

7 B t I r- '90E6) f whmb
ntet r- = r m s -- r r, Cr *?. ' ' '€

- .: /2

" ... . . -

'-F' 0'-4 rr-t. Ezter • number of an gles
9QP 0 format( Enter+ number of terms to compute each angle ,%)

' e f:,-rrraT" Enter FWHME (~ 6.0) ,%)
c"r04e form.-t(" Enter PIHMB (1 .0) ',$)

r i m;t

h- nu m ber of anr1 es specified is too great or
r t er ' i ,:s b e by four, exit, if the number of
a- n i.r es :s. to: great but e,.erly divisible by four this
Spr -r ,-u t ie m-diFied by chargirg the declared array
s e s to I t the rei.& r.equ i r emer ts. if the number of angles
is n!:t e'-enly di visitble by four this program k,.i ll riot
. .. y be: use c,f the c:>'terns i.,e exploitation of symmetry
;:p"er ies de;:ribed b,.e.

7 t<rang .:gt . :28) THEN
wri te(ttout,15)
130T0 Ie75

-" .... I

:I m rid( an g, 4) .ne. 0) THEN
r i t ,: t t ou ,21i ) 2'et

GOTO 1075
q; -4

rtx.-tes = rar,;g*

* . *---- - .---- .- I C t:- ; the number o4
-Z" - " - = e, -. ,.: ' U- "E' L !

- -- '. then 4' tt' ' C- f r :rds. ,hich .. i"r h

- page 34
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c be r-eq ;ir e -due tc au.. in; the number of p ixe s i risi de th e
S -- e z-,.-r:,."t et each an' ee ia - , the I l ck up

.... . sq. 0) THEN,

: = r e : + na n g*4/256)

-. , - r = r u mnre:. + '.ria r g* 4/."2 56 ) + I -- S. .;

:et the a r', u.=.eful to expioiting the s'mmetry properties.

a - ran a n r4
an' - r-n'2

f in the s+ td.d.e:.tandard de.t tor, d rt eir squares.

c*:r-- = 2.,*--sqr t(2r*. 1 o9..g ) ) '

= fuhme....corfa, c
i -, " = ftuh mb..': or f a: c '

; .ae .q = -: i m.z. e * s i gm a.e '" :'

S-, s. i mrr:atb*s i gmab

- te -,:re rent for. the function evaiu on dur i rig
the rJmer al irtegratio n and the scale factor to mul tipl Iy
the r-esT t::, :t is partial l, due to the gaussian and
par-tia' . due to thte integration method.

d I 1 -i ./f I c.
l 
i. u m"r r i rn t 5 '%..

a.' = * ' de 1 2 . *pi*.igmae*sigmab)

: ' .er, I ._.+ r . em i mi n c:r axes of+ the e 1 1 i p se
-, - i ty at. the given number c+ standard deviations,

"-,A- u-e "  t::, ,del ineate wihich c;,lJmnr s and rows to _.earch
- r * E n in de.

s e maT = n - s. t de*_ grn .e "

S- emr - r _,= d e s-= i gm a ::, ". .

* '4 oB rse a .: ,,*sera.' .

se ;rr, = e ,rr , e i, i.

X, . r! - : Z'

rtr m .. px a -X
r r -::lMe---

-'m.IIT -r. owmet.x

-. F . o the pixel s inside the ellipse at each

a.n; e a nd ta.:l a te the row-i and col umr at vhilch they occur.
, f the total number for each angle.

. .r =:. .r, :- "7 %

pa' Ag 5 
"........

- page 35 ""
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v i t e( '-,tAu t , 2-201 0 ) anri urn,

-5 I., = :§,nImn, ccoi1rn:
!fC r :1... = O tJI. i rt r, -v

Cc

m r: o -1okier n D ow'a rig
t h e (p i Ioat(argriurn I 1*ri terrs+ irnor)/Iloat totarig))

s-. rh + - s nK theta.)
rI urM ri s. ari gnUm~) = 0
: 1005 col = co:irn r, col 1Max

xcert =Pi x Ioat col )
DO 1010 row CI r owrn inr, rowrnax

yce n t -P1 x 1 oat ( row)
x.-ot = e x~ri t *cocs t he ) + (xc e r, t *s i n t he)
yo t = K- , ertsirt he) + y ce nit*c o st he)

rF o ':rt ; e .xn In ) .arid. r. rot. e * ax ) HEN
>r'r7t sq =xrot*xrot

Mras q =serlisq*l 14 - K-xr-citsq./seriasq) )
'rn i rl sq = -xIrna--xsq

IF (xro .t sq .ge. xmrissq)
a. n.aci4. (.yro tsq .1e. Yrnaxsq)) THEN

s isq th = sirsthe*sinsthe
sincos = sinithe*costhe
c:osq thl = c osthe*c ost he
x::sqru - -0 .5*((sisq th/s igbsq)+(c osq t h/s iges-q
x:vy'rrnul = (s igesq-s i gbsq) *s ircos/fs ige sq*s igbsq
yVsqmul = -0.5*,.(Ksisq th/s igesq,) +'cosq th/s igsq)

qu = 0. 0
Ilol im=pi x* Ioat ( colI) - £. 5)

yl clirn- pix*(f+lIoat(r-ow) + 0 .5)
DO~ 1f2 in dx = I1, numni nit

x ,- xl imr + (del*Qloat-.(xirdx.) -0.5))

ccqt = x*x*,>sqrul
'0 1i3 -x >indx = 1 , rurrni rt

1 1i fl> + deI*"- x C

u =u * e xp 's q-fa.c + a,.xfc + Ys qfa.c)
COT- I NU11E

:5 CONTINUE
'4p x. = , u a.ca e

c rri at r x Kr ok, c c ) = ra. t r. r. rowi ,coi v ol p
END: I F

*, 4!- E

* -- page 36
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vc'iume(angnum) = 0.0

DoC 30 row, = rowmi n, rowmax
IF (cmatrx(row,col) .ne. 0.0) THEN

index = index + I
rowtab(irdex, angnum) = row

*col tab(index, angnum) = col
~ coeff2(index, angnum) = cmatrx(row,col)/float(nterms)

volume(angnum)= volumie(angnum) + coeff2(indlex,aignum)
END IF

0COTILEC CONTINUE

n-.,m rs( ancrium) = i ndex

IF (rumiris(angrium) .gt. 1000) THEN
5' wirite(.ttout,25)

I30T0 10 7 5
.~*E-,.END IF

Use symmetry tc- turn coe-fficients around a. bit.

D .035 index (UMnumins(angnum) + 1)/2) + 1), numins(anignum)
:'exzf2 i ridex, arngnum) =

- :oeff2index - ((numins(angnurr) + 1)./2)), angnum>
-. rok,,tab(index, angnum) = -rowtab((index-

- * ((numins(angnum) + 1)/2)), angnum)
coltab(indlex, angnum) = -coltab((indlex-

* ((ruminstangnum) + 1)/2)), angnum)

totniumi = totium + numins~.angnum)

: 'rnd((numins(angnum)*4), 256) .eq. 8) THEN
-..mrec numrec + (2*(numins(angnum)*4/256))

mumnec =numrec + (2*((numiris(argnumr)*4/256) + 1))

t...e':Ittout,45) angnum, numins(arngnum), volume(angnum)

-. - -~ - n-rmber of contiguous records required to
4.-r'<e look up table.

'.4~~~ ,- - tut30) rumrec

Z Cr-- - 1 -r- - , ca-.t i rig all1 o-f the i npu t parame ters-

+ <,' t4 ,e tu,35) fwhme , -fwhmb, p ix , nostdle, nang, riumint , n
07 t tou t ,40

'Thnt the -cc+ citerits, rows, arid col umns for. the second
- - ~v~tbc--4 argles using the s-ymmetry,, argument=-

a. r r' r mg

w -page 37
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-- '~ numins(angnum) = numins(ang2 + 2 - angnum)
'4.V :1urre (ar.;num) = volume(ang2 + 2 - argnum)

DC 1045 index = 1, nurrins(angnum)
:oeff,2' irdex, angnum) = coeff2( index,

* (anr2 + 2 - angnum))

r. owtab( i rdex , argurn) = col tab( index,
(. * (ang2 + 2 - argnum))

c.:itab(index, argr um) = rowtab(index,
. * (ang2 + 2 - arignum))

1045 CONTINUE
*r i te(ttout,45) angnum, numins(angnum), volume(,angnum)

:r d the :oe f+c;ents, rows., and columns for the
last 0 deqrees vorth of angles using the symmetry arguments

- stated ear l ier.

D :1 1050 angnum = (ang2 + 2), nang
. ,.,olue'.argnu)I = vol ume(nang + 2 - angnum)

V rmirS(arignum) = numins(nang + 2 - angnum)
S ,DC 185. inde': = I, rumins(angnum)

':'ef" r! eex, angnurr = coeff2(index,
a(r, g + 2 - ar gn um)

-..- r -ovta," rde", a gnum, = -rowtab( i ndex
ran; Z - an gn um
t a, nde., angnum) = coltab(index,
.* (ar, + 2 - angn u '

105 C ONT !INU E
ri te<ttcut45) angrum, numins(angnum), volume(angnum)

' 1 e5 C:NTINUE
t.- e ttu t ,5"0 t ot n urn

.. rte< t t:'t 55) numneg

sc te a rray contarig the number of pixels inside
the ell ipse e.t each e.ngle irtc, the look. up table. this "'i11
be s m r ;rize the number of evaluations that must be
perf,-,rmed in t-e subsequent program implementing the

'" - ,:,ri-': ut orn. note that the number of updates is not the
. sare for. every angle,

4 - er te(outdes, n urr, rns, nbytes)

SA- t, F "r 4- . .c.e.f:cierts into a. one-dimerns ional a a ..
1: - :- a: .tAe t-ansfer tc. disk, and calculate the address
or, c. 4 set. ther, save or disk.

%** N'

SZ:C 1061? angrum = 1, nang
-r i fe( ttout ,?e022)angn um

D0 1065 i n dex = I, nr, umi ns(angnur)
' coeffl(index) = coeff2(index, angnum)

S- i ex )t= r n *r- owt ab ( i n dex , an gr um) " + c cl t a r n de , gnu I

• ."

IQ P -n , r r - r '4set = , "

4% , ,"- r -R

- page 38

wP,-, a.% ,,~ ,.,. -.3r.ij% % %.# . .A -, ' , -- ,. -.-. . -.'. . ..- . - .. .." . " . -. -. -.*- € •- . . - ---.t',.. > ,.> -..:.,,. ,.:. , ,, ,: , .:, ., .



w Dec 5 1 6:51 1986 mkfilt.f Page 9

r,., =--" numri ns(arignum)*4
:a 7 fv,rite(outdes, coeffl, nbl)
ca!] i i teoutdes, offset, nbl)

1e6C S '2 1 N UE

,.cord .a Permanert record of the look up table generation
Sor the pri n ter.

* .rteec,35) fwhrrie, fwhmb, pix, nostde, nang, numint, r,
z 30 umrec

'gr ie(2 40.
. .C. a.rignu = 1 ra.ng

",ri te(2, 45) angr um, numins(angnum), volume(angnum)
:or., O. CN_,,:hB. . JE

w .r i te(2,50) totnum
".~write(2,55) numneg

-terminate.

* 75 C .7 I NUE
•* . :" :se (un it=2)
i '"6  ,ca', f,:ose(luout)=. ._

%'.

' ]" =. ~+ o: r,-_, t,: ":,
i .1 tor'mat. K,

" number of angles too high for available array space
/ " program terminated./)

2 7 m.. t .. ,
•" rang must be evenly divisible by four. program aborted.',/)

* the number' of pixels i.,ithin kernel of gaussian error dens. i t',,
' e:ceeds array size. program aborted.',/)

• fu prt 4u table requires',i,' contiguous records.')

35 f orma. (7,
"4 . * " longitudinal f,,hm

t ' transverse fwhm = 7.3, CM
* >; el size = ' ,f6.3,'cm ,/,

.j.... ,f4.., standard deviations of error density included',
*. ' 

1 e.el ,

" '-0k-up tal -. generated for data taker, from 'i,' angl es.,
.r emenr sum us"es '5T, subdi ... ii=_ions per pixel ,/,

* / dirensi i on of image array assumed to be ',i ,3,/)
ae" + c.rr-_rr t ,..",

angle number of pixels volume over

; r umber inside ellipse these pixels
4 45 f.:rmat( 3x , i l Sx, i4 13x 12. 5)

50, formmat,(17,', i 6)

m .

5= fcra t'..," 3 r, negat ve coe f i c ien ts were found ".I

- page 39
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C -ROGRAM TITLE spinball .f

.RTEN BY ,J. Trent WohI schI aeger
DATE 'RI7TEN 3/12/86
1P.4ITTEN FOR Delay Doppler Radar Imaging

-R-GRAM INTENT
. -' cG3RAM CREATES A N X N REAL ARRAY

7 REPRESENTING A SPINNING BALL. THE ARRAY IS THEN STORED ON DISK.
: = ' .4ARE DIVIDED INTO 100 (10X10) SUBPIXELS.

7;: THE CENTER OF A SUBPIXEL IS INCLUDED IN THE REGION, THEN
THE PIXEL VALUE IS INCREMENTED BY 1. THUS EACH PIXEL HAS A

C VALUE RANGING FROM 0 TO 100.

REG ION DESCRIPTION GEOMETRY

REGION 1 SURFACE OF CIRCLE :. ,
SPINNING BALL CENTER = (0,0) ,' -

RADIUS = 8.00 CM. -$,

L2 - UNIT TO RECEIVE ANSWERS FROM

OUTPUT FILES t. -
LU.t-,, = IMAGE FILE TO CONTAIN "SPINNING-BALL" TARGET

orrr +4 e s.6/ 1 urn
Im; Ii , it Lo;ical (A-Z)
R..... .. LAM DA . 6 ",5536)

INTEGER N
r ur

da. run ,'

:B.1I fcr eat( Enter output file for target model (spin-ball .?? )',

Fl .... "PLEASE INPUT THE IMAGE ARRAY SIZE. (256) "
pREAD *, N , ,

....T THE IMAGE TS " N, - BY N N, " PIXELS.'

CALL t Idbal! (larmbda, n)

Sbr outir, e b dball (lambda, n
, . . rr:. nl ire a a Subrout i r!e t, take a.dvanta. e ,-:Is

- - t- -"- i.Justabe a-ra. dimensio.ns for lambda.

commcr /te-Y un

-- page 40
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Implicit Logical (A-Z)
REML HAFNP1, LAMBDA(n,n), RI, RADSO, RISQ, SUM, X, XSQ, Y, YSQ, PI
IN"ECEF , C, N, NeYTES, i2, 2, N2
integer iun

Parameter (PI = 3.14159265)
DA7A FI .32. 0z_
DA TA RISC /1024.0/

HAFNP! = 0.5 * FLOAT(N + 1)

DO 1 I= , N
DC 15 -T , N

LAMBDA(I,J) 0.
15 CONT IN UE
'1 H O'IUE

7- U-

N2 = N/2
D' 100 I = 1, N2

PRINT *, Starting Column , %
C 1010 12 0= , 9

= (I + i2/10.0 - HAFNP1)
.._ =. .**2

!:0 1030 J2 = 0, 9
)/ = -(J + j2/10.0 - HAFNP1): 'C-
YSQ = Y**2
RADSO = XSO + YSQ -. ,
IF (RADSQ .LT. RISQ) THEN

PI.XEL CENTER LIES WITHIN REGION 1. ...
LAMBDA(I,J) = LAMBDA(I,J) +

* "(.i - (XS + YSQ)/RIS)**-0.5*abs(X/r.i)

END IF "'1~ ~~ ~~C .0 "-..'?C TF I N U E :'

CONT INUE
0r' P C0!T IC OINUE

Z.S7 7HE TOTAL INTENSITY.

'_''  = £1.0

£20 I = , N" %2,0: "C = 1, N '" ""--

SUM = SUM + LAMBDA(I,J)

2020 CON TIN-'T U E
PRINT *, " Total Intensity generated: , sum

SA -)E THE ARRAY LAMBDA, WHICH IS FILLED WITH THE INTENSITY
LAM,,BDA OF EACH PIXEL FOR THE REFLECTION PROCESS, ON THE

r * . es = -: -'...
-- ~~~ ~~~~ rn ti..:4 ,II n t-,: r, m d , , ) ..

page 41
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ii 
%

I C, :I I:: 1?8, det trr,,f Fage 1

F":-:; t tle cv.ddrreturn.f

t er, . J. Trent Wohlschlaeger
"at.e Wr .e r  Ma> 23, 1986y r i t ter, for [:DD

'4 s * i t

It" 7! C-

- ~ ~ 6 :;a-tr -, program convolves a set of ambiguity functions
S -' ti, a. scatteririg function to produce a set of deterministic

- [elay-Doppler radar. returns, as would be obtained by passing a
-ada.r s gral through a bank of BPMF-SLED's.

°4.

- tat = look up; table containing the coefficients and
addresses used to implement the convolution

- of a. s:atter function array with the two-dimensional
-r.t -. ut> 4urcti r,. "The table has two parts.
The >st part is ar, Integer array w ith
r,am eIerermets, where namb is the total
number of ambiguity functions. This array indicates
how many addresses and coefficients are
present in the second part of the table for

- each ambiguity function. The second part of the table
conssts of the coefficients followed by

- the addresses, for each ambiguity function.
7he table generator is mkfilt.f.

r.'- t Logical (A-:)

:"r~ue e rr, .cor
.j ,. - - r , f i le s./ ," ] s 1] uta t,

. -- . tme*24

-' -:ette.- r r z., e turns( mgdrrt**2) , coef < 50) , pc t
-f e "- a ;nI-'-r-, ur, col end, :,- st ,

u tab b, rnam b lr,1 us .10), lutim,
" sq, num ns128,, offset(50 Of,- e ri rd, piX:fir, pixnurm, pixst,

* row, r owend, r.owst,

-. .r- r t.tes, raradd, rzero, iord
"rteger ttout,tti

*re ge r 7 re 1--,t I t r. t amb r t ncr t
TS .. . , , 0 ,. ,

.. .I--- tti, 'T

r e:re at "Enter. output header -: le name U n',S
I ! .... r. t 'Er, ter output Data file narre " u'

- ,en Enter file containing target model u ,4
page 43
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-. :Er . fe le ccntainirg filters ,lutaLb,)
PP. Er te- number of Returns "

-e.~~~ .t:- ,C'Lram b

str-tarmt = I

e B te .  t the ; ir-st par-t of the lookup table, which
,r ica te s the number of coefficients and addresses stored

- ir, the se:orid part of the table, for. each ambiguity function.

CL -r;_.d(luta.b, numins, length, Iceof, rtncnt)

P erur, t=t, tiie=detrtrn.tim,status='unknown')
ra7 ti r_. ' zf 7

.* ':- f't te':t :ime'

. + r t imen1 '4)

:t = K ,rr mt - irngdirr)/2
.olend = rtd, drrt - (imgdmt - imgdim)/2

s. = . =t

S = rn-drrn*-rgdnt
k, i - . - - - I S t

p T r = ,mgdMt*(r.owst - 1)) + colst

7 - . The -vj algor ithm for each Return is performed
"-" : he r- e .

.- ra"d" = ' '5

CALL S.. (S. . C 'KPBLK, IORD, lur,s(4), scatter, NBYTES, RAN4DD)
15r

;- ,] .rnr ,: rr, r t.; t,, r, amb
. -.tt _ rr um r,amb, t ime 12:19?)

[. r, i rrgdmt**-'
e r u!-n-,i p! n uT, :, 0.0

-n t h = r, umi r ,ambnum) *4
- read," l L B, coeff, length, Iceof, rtncnt)

Lr er--Z.. L. offset, length, ceof, rtncn t)
.,;ri tt ot,9'_ . r, umin s(ambn um)

* €C. .:,rm t .. r!n- - , ter. pixels for this Return: , 5)
p -- ,-

-- _ .'- A- -

% - :- " = " = + ... , -{ .,,

- r' p ,ur, M ;t. .C ) THEN
z r zerc, +S... r - r, urT i nr , r, ur,"

- . = x:J Cl + :t+ set' t
page 44
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re trr,.=. a=:t . = r-eturns(addres)
* + (scatter (p i xnum)*coeff(i))

C1 1 fTNUE
END I F...._ C-:ONTI:NUE "

Et
p.: s =t Iixst + imgdmt

_ = ~1.*+1oat(rizero)/f oat(imgdim**2)
.... ite ttou t ,? "33) pct, irrgdim, imgdim - 4- ,

-..c. ~ :rmr. . .,f7.. , of pixel s in the ",i3,' by ',iS, -- .

* " image were nonzero.') .4. V*.rL- fdate( time) g%-"-
..er n u r i t=lI u 4t i mn i 1 e= d e t r t r n. t in m , status=" unknown" ) .7

r e ute(ut im,90) ambnu m, t ime (1:24) %..
c'-r -:,rm._' Beegin process ir g Return #,i2, a t ,a

c :se( '..u i t=, u i rn)
]-__ :.t;ut(returns)

_>Z... +:seIluta~b)

s e u t a b

rrnet(/ ca
• Return Construction algorithm. I/ I

Return number: ',i2,' out of ",iS, ,
• . Start time: ",a)

,g 4'4.

e-

.'....

-- page 45".
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c
c P r og9r ar t itl e rndmr trn~f

* c Written by J. Trent Wohlschlaeger
c Date written Nov 5, 1986
c Written for Delaydoppler Radar Imaging group

Program inten t
c This program convolves a set of ambiguity functions
c with a scattering function to produce a set of random
c Delay-Doppler radar returns, as would be obtained by passing a
c radar signal through a bank of BPMF-SLED's.

- c Input files
c lutab = look up table containing the coefficients and

addresses used to implement the convolution
c of an scatter function array with the two-dimensional
C ambiguity function. The table has two parts.

'. -.j c The first part is an Integer array with
c namb elements, where namb is the total
c number of ambiguity functions. This array indicates
c how many addresses and coefficients are
c present in the second part of the table for
c each ambiguity function. The second part of the table
c consists of the coefficients followed by
a cthe addresses, for each ambiguity function.

. . c The table generator is mkfilt.f.

m program structure
r n dmr t r r,

Implicit Logical (A-Z)
In clude ' parm.com'
Common +...files/ luns, lutab

Character time*24

Real scatter(rtrnsiz), returns(imgdmt**2), coeff(5000), pct
Complex creturn(imgdmt**2), b, gauss
Integer irandl, irand2

% " Integer addres, ambnum, colend, colst, i
%* lutab, namb, luns (10), lutim,
, * nsq, numins(128), offset(500),

* pixend, pixfir, pixnum, pixst,
* row, rowiend, rowst,
* id t h

Integer rbxte-., rnaod, rero, iord
Integer ttout,ttin,
Integer length,lceof, strtamb, rtncnt

Data IORD /x'00000058'/ page 46
Data. ttout /6/, ttin /5/

Data luns .0*-I/



Nov 5 11:29 1986 rndmrtrn.f Page 2 "€

Da ta irandl ,/322491219/

Data Irard2 ,/1,/

lutim = I
CALL fcreat('Enter output header file name /,luns(8))

CALL fcreat('Enter output Data file name ",funs(3>)
CALL +open ('Enter file containing target model ",luns(4))

CALL fopenr('Enter file containing filters ",,lutab) ,
PRINT , Enter number of arabiguity functions ""

r e ad (ttin, 2010) namb ,
2010 Format0i5) .

strtamb = I ,

c Read in the first part of the lookup table, which "":

c indicates the number of coefficients and addresses stored .-
c irl the second part of the table, for each ambiguity function. _ ,

l ength = 4*namb

CALL fread(lutab, numins, length, Iceof, rtncnt)"-'

cr

open (un it=l u t imr, il1e=" rrdmt imre. dat" ,status=" unknown" )-.-'"

CALL fdate(time) -'-
ambnum = I

wr ite(lut in,OP007) ambnum, time(l :24)

colst = 1 + (imgdmt - imgdim)/2 ._
col end = imgdmt - (imgdmt - imgdim)/2 -

rot.,.st = col st

rowend = col end >,

rtsq = irngdmt*imgdmt #r

width =col end - col st ).,
pixfir = (imgdmt*(rowst - 1)) + col st"'-X. .

M'air, loop. The convolution algorithm for each ambiguity function . [
,: is performed here. .. .

NE.YTES = nsq*4....,
ranadd = 0.-"-
CALL SYSIO (PBLK, lORD, luns(4), scatter, NBYTES, RANADD)

DO 1005 arnbnum = str-tamb, namb ''-,
write(ttout,15) arnibnum, namb, time(12.19).,...
DO 1000 pixnum = 1, imqdmt**2 .. *.

c r.e tu rnr ( p i >.:r, u m = 0.0O ''

1 000 C 0t".IT I N U E
Ienrg h = numi ns{ariTbr, iumT) *4 "

+., reved,:lutab, cceff, lr ,-,f r. tnicn .,

,_.A .L length , __ ,.. - .
CALL -freadrlutab, offset, Ilength , lceof, r. tncnt) - ae4 --
ri te(ttout,990 rumins(ambrum....

9900 Format(' non-zero filter, pixels for this Return: ',i.5,
rzero = 0 "
p.+._ @i xst = pi xf ir.

'• - - ---. loop'so
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DO 1015 row = rowst, rowend
* -pi ernd = pixst + width

DO 1020 pixnum = pixst, pixend
Ic (scatter(pixnum) .gt. 0.0) THEN

nzero = nzero + 1
Sb. CALL nrmran (irandi, irand2, gauss)

b = scatter(pixnum)*gauss
DO 1025 i= 1, numins(ambnum)

addres =pixnum + offset(i)
4 creturri(addres) =creturn(addres)

105CNIU + (b*coeff(i))

p.END IF
1020 CONTINUE

pixst = pixst + imgdmt
0' :Oi5 C ON-TI NU E

pct = 100.*float(rzero)/float(imgdim**2)
wrteK ttout ,9038) pct ,imgdim. imgdim

* - 2' 803 Forma-tt lx,f?.2,' , of pixels in the / ,i3,' by ',i3,
* * 'image were nonzero.')

CALL -fdate(time)
oper'unit=lutimr,file='rndrntime.dat',status='unknown')j ~wr ite( 1ut im,900?) ambnum, t ireC1:24)

9007 Forrnat(' Begin processing Return #',i2,' at ',a)
ci ose (uri t1 u t im)

DO 3008 pixnum = 1, imgdmt**2
returns (pixnum) =abs (creturn(pixnum))

£000 C ONTI NU E
CALL output(returns)

0 OR C5 4T INU E

CALL fclose(lutab)
E.t op

15 For mz-t /1
* * Return Construction algorithm.

- Return number: 'i2,' out of '(3,
* Start time: 'a)

END

-- page 48
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c Program title cwasd2d.ftn
c

c Written by J. Trent Wohlschlaeger
c Date written Nov. 5, 1986
c Written for Delay-Doppler Radar Imaging
i-

c Program intent
c This program applies the confidence-weighting
- algorithm to the reconstruction process in Delay-Doppler
- radar imaging to produce an estimate of the desired image.
c The "returns" data, sorted by burst, and converted into
c ordinary (x,y) coordinates, must be available. .. ,

c Input files

- ludat = returns data in squeezed format
- lutab = look up table containing the coefficients and

addresses used to implement the convolution
of an image array with the two-dimensional
ambiguity function. The table has two parts.

c The first part is an integer*4 array with
C nburst elements, where nburst is the total
c number of bursts. This array indicates
c how many addresses and coefficients are
c present in the second part of the table for

each burst. The second part of the table
consists of the coefficients followed by

c the addresses, for each burst.
C- The table generator is mkfilt.f.

- program structure
C cwasd2d --.
c genrtrn

common /rtrnarea/ rtrnp ix, noadd, noval c-:- "

include 'parrr.com' ''

character time*24 -. "

integer rtrnpix(128), noadd(10600)
Real noval (10000)
real rtrn(rtrnsiz), cwpimg(imgdmt**2), coeff(9888) .v.

integer addres, brstnum, colend, colst, i, lutab, nburst,
* nsq, numins(128), offset(9000), pixend, pixfir, pixnum, pixst,
* rowend, rowst, vidth

r,'e;er r trr!he adr trn deta, t tout t r, t't'°
rteger.*2 header( 128)
integer ludat,lutab,luimg,length,irr, gflg,lceof, s trtbrst, rtncnt -.'.

data ttout /6/, ttin ../5/
c

lutimr =I- page 49§2
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CALL fopenr ("Enter file with filters lutab)
CA.LL fcreat("Enter output file for confidence weighted preimage

• luimg)
. CALL fopenr "Erter returns header file ",rtrnhead)
• *. CALL fopenr "Enter- returns data file ",rtrndata)

write(ttout, 2000)
read (ttin, 2010) nburst

2000 format(' Enter number of bursts ',$)

2010 format(i5)

do 1000 pixnum = 1, imgdmt**2

cwpimg(pixnum) = 8.8
* 1000 continue

'. strtbrst = 1

: c Read in the first part of the lookup table, which
indicates the number of coefficients and addresses stored

-' in the second part of the table, for each burst.
Do the same for the returns data.

length = 4*nburst
, -~CALL fread(lutab, numins, length, Iceof, rtncnt)
iCALL fread(rtrnhead, rtrnpix, length, Iceof, rtncnt)CAL

open'unit=lutim,file='cwtime.dat",status='unknown')
rewind lutim
CALL fdate,. ti me)
brstnum = I

5.,r i t e,'l u tim,9006) brstn um,time(1:24)
Z0r6 format(' Begin processing burst #',i3," at ',a)

1 cse ( 1 u t i m)

" olst = 1 + (imgdrr, t - imgdim)/2
col end = imgdmt - (imgdmt - imgdim)/2
rowst = colst
-, ro e.end cl end

nsq =imgdrnt*imgdmt
* .: width = colend - colst

pixfir. = (imgdmt*(rowst - 1)) + colst

S.;: _ Main loop. The cw algorithm for each burst is perfrmed
Sher e.

do 1005 brstnum = strtbrst, nburst
.r ite(ttout,15) brstnur, nburst, time(12:19)

CALL genrtrn(brstnum, rtrndata, rtrn)
u,. r i t e ,"t tc,,u t ,1 o ¢0'nu Jm i riS (b r striumr,

' V'-i fc.r~ra ,"  nrn-zero '1 ter pixels for th-'s burst: i

% ength = num i ns( br s tnum', * 4
CALL *t ead rI uta , c'ef len gth, I ceof , r trcn t
CALL fread(lutab, offset, length, Icef,+ rtncrt)

" "n" rizero = 0 page 50

: : % . -::. :::° : : ' :' :- : - -:: :
-

: .: :- : -:"
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pixst =pixfir

do 1815 row =rowst, rowend
pixend =pixst + width
do 1028 pixnum = pixst, pixend

if (rtrncpixnum) .9t. 8.8) then N
nzero, = nzero + 1
do 1825 i= 1, numins(brstnum) -

addres pixnum + offset(i)
cwpimg(addres) = cwpimg(addres)

* + (rtrn(pixnum) *coeff(i)
1825 continue

end if
1820 continue -

pixst = pixst + imgdmt
18 15 continue

pct = 108.*float(nzero)/float(irngdim**2)
wr iteC ttout ,9838) pct, imgdim, imgdim

9838 forumat(1x,f7.2,'%Cof pixels in the ',i3,' by 'i 3,
* / image were nonzero.')

c update the cumulative sum for the number of bursts so far. t

c In case of system crash, we can re-start in the middle. *

CALL frew(luimg) ~
length = 256
CALL fwrite(luimg,header,length)
length =4*imgdmt**2
CALL fwrite(luimg,cwpimg,length)

CALL fdate(time) t\

open (un i t1 u ti m ,fi1e=' cwt ime .dat' ,status=' unknown')
wri te(lutim,9807) brstnum,time(1 :24)

9007 format(' Finished processing burst #'*,i3,' at /,a)
closecuni tlutim)

1885 continue

C save the confidence-weighted pre image onto disk.

mgl =-

length =256

CALL frew(luimg)
CALL fwri te(luimg,header,length)
length = 4*imgdmt**2
CALL fwri te(luimg,cwpimg,length)

c

CALL fclose(luimg)
CALL fclose(lutab)
CALL fclose(ludat)

c

E t.:p -- page 51*

1 forma.t(/
-CW reconstruction algorithm.$

* / burst number: '1,i3,' out of ' ,,

F ~ i~ * . '~ - * * * - * *~,.t~d'' <qX-X. ..- * 9** , .
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* / Start time: ',a)
end

SE

'I

4,

.4.

.6 5

IC

.4"
S.

a

5-

U.
'C
-s

.4.

N

'C,

-9

4

*5% S

F. p

4%

- page 52
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r-,r am t t I e + i n i rmg. f
V. -r-rm

c t...r tter b- J. Trent kohlschlaeger
Date tr tter Nov. 16, 1986

-t 1 t e r:, 4cr. Delay-Doppler Radar Group

S Pr ogr am ;rtertS. -

this program performs the f il ter i ng for the
re:onstruct ion from a preimage to a. final image.

. type -- 6 =-> confidence-weighted filtering.
- tpe = ==> most-I ikely-position filtering.

type = 2 =-> convolve with a circularly symmetric

gaussian to form the desired image.

- t .I:''m = 6 ==. do not form a two-dimensional cw
preimage by an extra convolution
with a cir cular ly" symmetric
gaussian.

twod im = > form a two-dimensional cw preimage
and filter.

The equa[t ion used for reconstruct i on i s

S- d = f*h/g

rhen e
. : d is the fourier transform of the desired image,

- is the fourier transform of the preimage,
i s the fourier transform of a resolution cell, and
.B the four i er transform of the f i 1 ter.

" " - - program reads in f (in the space domain),
tkes the two-dimensional fourier transform, generates

- the I lter h./;, mul tip ies + by h/g, and then
.41 - -kerse f+:ur ier transforms the result to form the

.- r m;;e, v. c6: is then stored or, disc.
-' tx e = 2, ther, g is set to 1, sc the effect is

S -. e preimage (which should be the
s.tter r:g furctior, in this case) with a

-: -rul.ar ," symmetric gaussian, to form the desired

g- .arr =tructure

* - * - ---- page 53
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cwfl!t, expbes, freqx, -freqy, fwhmb2, confac,
+ u;..hr, g, h , hbar , IlpflI, mlif iIt , twopi, maxmag, arg,

p gi, pisq, r-8, sb2dsq, sigbsq, sigesq, sigmab,
I igrna-;e , s igmar, ,s igmb2, s igr sq , top isq , v w, xi

* * xisq, xii, xi2, -fwhme, fwhmb, rO, pix

- Integer ':, inv, j , length, lupimg, luimg, Iceof, rtncnt,
* rs rv23 rasccs, twodim, type, rtricnt
1ter tt;in, ttout

.rtege.* header('128)
* EQU'ALENCE (header(99), FWHME), (header(i0i), FWHMB)

v data ;.i /3.141!59265/, pix /0.25/

*A- 4-ni /5/ tto t 11nt

* in'ry2 m~dm t/

2 c. t 2.6*pisq
on -- ,c = 2 - *sq rt2.60*alIog2. 0)

+ h. m 0
1 e

80
0 .0

:B.' -f.:perr("Enter con-fidence-weighted pro-image file",lupimg)

* Ifcreat( "Erter- output confidence-weight file ,'uimg)

vcO = pix/2. 0

*wr ite(ttout, 5)
read(tt.in, 16) type

w- - t e u!t , 1 5) t yp e

read (ttiri, 35) fwjhmr-
vir ; t e( ttou t , 6) fwkhmn-

2 I rman = fwjhmr/confac
sign-sq = sigmar*sigmar

t- 0* t d ;1'r 0
1PI (t ype .eq. 0) THEN

wjr i t e t tou t,2 0
r-ead (ttin, 10) twod im

le::ttou ,2) ttc'di -- page 54

:4- m .eq. 1:? THEN

r- cad (t t i r. +~ uh m t, 2
yin t te t tout ,70) fwAhmb2

C..E1I[ I F
sigrnb2 = whmb2/,confa~c

~ ~ <%.% c.~3r U~ *%
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s b2dBq = =.:!gmb2*sigmb2

r. te<ttout ,75)
read (ttin, 10) rascos
vrite(ttout,80) rascos

please input the type of reconstruction desired. ,..

• ' type = 0 > confidence-weighted. , ..
• " type = 1 most-i ikely-position. 9,

• " type = 2-> desired image. ,/
• " do not include a decimal point. ",

"' type = ? " ,/) .
:o +orrmatbn, i3)
15 format type = " i3)2' + cT r ." m t .
2C form.-t (/,

S"is it desired to form a two-dimensional confidence-' ,/,
" we.eighted array before filtering? ' /..
" twodim = 0 > do not form the 2d cw array. ',/-

* " twodim = I > form the 2d cw array. ,/ - -

* ' do not include a decimal point. "/.
* " " /, .2 "C,

twodim ? '/)
2= r,-r! ... . twodim = " i3)-" -

2'5 .-,r-a t 2 . 1',
.... ..- *. . ;- ' 'I*

•* ... , please input the full width half max form of the ,,/,
" .tandard deviation of the circularly symmetric ',/,

• gaussian resolution cell, fwhmr. include the ",/,
decimal point. " 9

ft.hmr = 2 cm. "/)

,-,a r t ," fwhrnr = , f10.5)

* ' please input the full width half max form of the /

.t.ndard deviation of the circularly symmetric /",
* .~&~jssiran which is to be used to create the two- ,., .-'

S':imerSional confidence-weighted preimage array. 91/
include the decimal point. "/, ,

* ' fwhmb2 = ? cT. c/9)
' :rret , fwhmb2 + , f1 .5)

* " is it desired to use a low pass filter of the P/0 *' .
* / raised cosine type? / ,

rascos = 0 => do not use this lpf. ",... ,
rascos = ' use this 1 pf type.

a. ,- 4 a' S.

*r' a. _: zs: = ""

3,,;. 'oFr-.. t' "/, rascos = , i c; -- page 55 ..

- -et r the pre image array arreal (arreal is in the s.a.ci..

c Jomai r, ar. eil i s cf re ty. pe. .-
-** °% .

IN r% rIftzvv.2. xrl'&'*ct -t. t.S**~
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I
J p i m

ty pe .re 2) call freadt 1 up img header, length, 1 ceofrtncr t
. :,: . = 4*i mgdrr, t**2
cal fread( 1 up imgarreal 5 Iength, lceof ,rtncnt)
IF"lceof~eg.1) THEN

write(ttout,*) EOF encountered while reading input data.'
END IF

-2 PRINT *5 'Enter FWHME'

READ *, fwhme
PRiNT , 'Enter FWHMB'

EAD *, fjhmb
s. i grae = fwhme/confac
-1 a.i.gm b = fwhmb../confac

":" = S gma.e*si gmae
* c = s.._--i.mab*s i gmab

_=.::os. .eq. 1) THEN
Z, = .sigmab/sigmar)/(2*pix)
1 C.8*xi2

END I F

,9 0 i = , mgdmt
DO ??5 J = 15 imgdmt

ar. imag(i j) = ,0
CONT INUE

:O.T I NLIE

take the two-dimensional fourier transform of the preimage.

t .i.- rreal , arimag, n, n, 1 , riv)

""' rt e a.a, arimag, 1 n n v
_ .I-. ,. . . I . i v

., :- - _- - *5 '','l~i .-ll,-
-" -m g = , rr', t

%m.Mj. = maa.rnxrM ag, sqr t(arreal (i ,j)**2 + arimagi ,j **2))

Z I

* - --. - h, 'mgdlrnt

-r,jI = arreal (i ,j)/maxmag
,37: - * .rn ."- j) = _rimag (i ,j )./max.rrag

. -," - page 56

• .': .ei : = 1, .rr.
p Z , . C r.,< "THEN

- .t':a- - 1)/(floa(r,*p i x,
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I= -fia t -i - )(-fl cat(ri)*p lx) -1 .e/p ix

Ci. r 4  
I , i rr,- 9 dr

e2A. rv2) THEN
r e q v= o flaj -a 1.( ct n)*p ix)

4reqy, = i fotj I f),1(foa t r)*p i) x 1 .6O/p i x

x isq =(freqx*freqx) + (freqy*freqy)
=sqrt x isq)

IF K tpe .eq. 0) THEN
=topisq*(sigesq -sigbsq)*xisq

cwfi, it = exp(-top isq*x isq*( s igrsq
* - ~2.0*sigbsq))/expbes(v) -- l

trr
0  

e j al = arr'ca Ii ,j*wi It
rr.;(. ,j r = amag i ,j*cwf i It

I F (type .eq. 1) THEN.;*
I= cxp(-topisq*sigrsq*xisq)
k= pisq*(sigcsq - sigbsq)*xisq
v= twopi*xi*rG

IF x i .n e. 6.8) THEN :
g=exp(-topisq*sigbsq*xisq)

4.* expbcs(v)*bcsjl(,A)*n6/Ixi

= xp(-topisq*sigbsq*xisq)

END I F 
*epe~)p~Or

n~lf+i = pi*rO*r6*h/"g
a.r.- eali ,j) arreal i ,j)*mlfilt
-r *m a ic , ) J a ri marr , ) *m f 1t ''

ar - -topisq*sigrsq*>zsq
all+.c .gc. -70.6) THEN

h=exp (argQ)

1.-, 0.0
END I F
ar-real( i J) =r aneal( i j*
sr mrrag( ,j ar i rrag( , j )*h

ET4D I F

~ tr eq.1, 1) THE.

~: r

t.;-. r

IF ra~cr .eq. 1) THEN -page 57
F t . I THEN 9''

. . . .s Q .. . . . . . .%



e- aC in inm._; Page 6

EI.DE IF 1
P,-T I F

x i . ge. xii) .and, (xi It. xi2)) THEN x-i)))
1p+1f = .. 5*(1 + cos(pi*(xi - xil)/(xi2 x i 1

F (xi ge. xi2) THEN
4pf1 0.0

END I F
artrral K1i ,j) = arreal (i ,j)*1 pf 1
..... g(i ,9 = arimag(i ,J)*lpf I

END IF .,
11 1 5 C ICOTI NUE

C..NT.iNUE .l

ar--B.' n.rd arimag are now the real and imaginary parts of
;the -:j ier transform of the desired image.

tk the inverse two-dimensional f,,urier transform to
:_ter the desired image.

S l:= +'

'ftarreal , arimag, n, n, 1, inv)
r f .rr ea.l , ar imag, 1, n, n, inv)

Sr-eal is now the desired image in the space domain.
save the desired image on disc.

,re k.j I u irmg)

al ulmg, header, l ength)
'ent, = 4*imgdmt**2
:.l' fxrite luirg,arreallength)

close lupimg)
:al f Cose luimg)
Stop ' fina. image written to disc

-- page 58 "
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OPfl3RM T:T-E vuf inl f 

.F.LP"T ." J . Trent Wohlschlaeger

T ET E,. NoV 10, 1986
Delay-Doppler Radar Imaging Group

-2-':41M" INTENT
-his is- a graphics utility program which displays

t.e fir in-age created by the cw algorithm.

mpl t Logical (A-Z)
Include 'parm.com"
irteger. xoff,:yoff,xsiz,ysiz . "
Peak.. arreal imgdmt, imgdmt) %

I nteger length, luimQ, Iceof, rtncnt4- e %',

integer*2 header ( 128)
:r.teger. i , j

rR . . .. L 2, , 128-

C PARAMETER' "-
Parameter ,siz = 0, ysiz = 9)

C INITIALIZE GRAPHICS PROCESSOR
CALL MSIASNGP (_0,8) :: !,

C ENABLE ALL PLANES
CALL MGIFLN (-i)

CALL foperr ("Enter confidence-weighted image file", luimg)
CALL frew (1 u img) ,- "
length = 256

4read (luimg, header, length, lceof, rtncnt)
lenthl = 4 *imgdmt**2 -.%
C ALL *read (luimg, arreal, length, Iceof, rtncnt)
IF, c , -; q. ', T:' THEN

7.. 4.*, Enrd-of-fi I encourtered while reading input data.'

-- - E

28, 21 ' = , 128 , -z,,
pi,: ,i 4) = arreal (i+64, j+64).-..'

Ig CONTI t.U .'-'..

--- : - - r . -_- -...-

-page 59
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?° " END

I

,'.
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